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Abstract

Abstract

Abstract
For commonly used moment connections, such as the various types of beam to column
endplates, a large amount of information in relation to testing data and suggested design
methods exist. Engineers can use this information to safely design such connections.
When developing new and unique types of connections however, usually no prior testing
information is available to engineers due to the unique design. At the present time, the
most effective method of designing and developing any structural element or connection
is through testing. Testing and detailed analysis of the results gives factual information on
the behaviour of the structure, which will help to determine its suitability for a particular
use.
Cold bridging has been a commonly occurring problem in traditionally constructed
cantilevered balconies, where the balcony is tied directly into the building envelope.
Vision Modular Structures are currently developing a new type of balcony connection to
reduce/eliminate cold bridging. In this thesis, the newly developed balcony connection
was subjected to extensive testing and analysis. The unique design of these new balcony
connections aims to eliminate the effects of cold bridging while producing an effective
and efficient means of connecting balconies to the main building envelope.

The research in this report was concerned with the main parameters and components that
affect the performance of connections in general. A review of the way in which moment
connections may be classified is presented. A detailed research of the behaviour of the
bond between concrete and steel is included as the transfer of force from the balcony
connections into the reinforcing bars of the concrete slabs is of critical importance to
enable the balconies to support the desired load. An overview of the finite element
method and the finite element software LUSAS is also presented.
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A concrete test slab was constructed to which eighteen of the aforementioned cantilever
connections were attached at predetermined locations. A balcony piece representing the
actual platform of the balconies was also attached at each location. A number of load
cyeles were applied at each test location; the majority of which were applied vertically
downwards with a few being applied vertically upwards. The objective of the testing was
to gather as much test information as possible, in order to fully understand the behaviour
of the connections. To achieve this, many results were recorded during testing, such as
strain and deflection at strategic locations around the balcony assemblies. A number of
finite element models were created using the software LUSAS. The test and analysis
results were compared.
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Chapter 1
Introduction

1 - Introduction

1.0

Introduction

W'ith an ever growing world wide population, there is an increasing demand for
additional residential and commercial buildings. The construction industry has a vital part
to play in meeting this demand and doing so in a sustainable manner. The use of
prefabrication techniques has a long history in the construction industry. A gradual shift
has begun away from traditional construction principles and towards utilising the full
potential of prefabrication methods. Modular construction techniques are rapidly gaining
popularity in the competitive construction market. Prefabrication of volumetric modular
units by off-site manufacture and subsequent assembly of the units on site leads to faster
construction, improved quality and a reduction in waste. Off-site manufacture describes a
supply and construction process in which the major parts of a building are mass produced
in factory conditions rather than on site.

Vision Modular Structures is an independent subsidiary of the Fleming Construction
Group, whose main offices are in Bandon Co Cork. Vision Modular Structures operates
at its production factory in Ringaskiddy, Co. Cork, manufacturing volumetric modules
for the construction industry in Ireland and the UK. The modules are manufactured
utilising integrated steel framing and reinforced concrete floors. The walls are made from
structural box sections with services integrated into the wall. The walls are designed to be
load bearing and can provide a standard fire resistance of up to 2 hours. The overall wall
width between modules is 200 mm finished, increasing to 240 mm on the lower floors of
tall buildings. The ceiling is constructed from a lightweight truss incorporating a service
zone. The truss is designed to support construction loads during erection and
manufacture, and the loads caused by the services and ceiling finishes in the permanent
condition. Construction loads are normally the largest loads. The floor is construeted
from reinforced concrete and is structurally independent from the ceiling of the module
underneath. Load transfer is primarily through the steel frame walls bearing on the walls
of the module below. The combined floor and ceiling depth is 350 mm with the
reinforced concrete floor accounting for 150 mm of this depth.
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Stability of a volumetric modular building is achieved by incorporating a concrete or steel
core. The concrete floors are connected together during erection creating the type of
diaphragm structure associated with more traditional construction, allowing horizontal
building loads to be transferred back to the structural core. Structural cores may not be
required for low rise buildings as the racking strength of the walls may provide sufficient
stability.

The modules are designed individually to suit each project and a variety of different sizes
and shapes may be required to suit a particular layout. The preferred dimensions in terms
of transportation requirements and standard production sizes are 4 m in width, 10.6 m in
length and 2.8 m in height. Many different forms of external cladding are available such
as block, brick and stone. All masonry is tied horizontally to the modules for lateral
support.
Balconies are frequently required for residential projects utilising the volumetric modules
and there are currently a number of types available. The most common types are the
cantilevered balcony and the self supporting balcony. Self supporting balconies require
structural columns and allow for a larger balcony than the traditional cantilever. These
structures must be tied back into the modules for stability. Traditional cantilever type
balconies are usually tied back directly inside the building envelope as shown in Figure
1.1. This is not a very effective design, as cold bridging will occur. When designing
balconies, the requirement to prevent cold bridging is a significant consideration.
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Outside building

-IS'^C

Inside building

20=C

Balcony

Cold Bridging

Figure 1.1

Traditional cantilever type balcony*

Cantilevered balconies currently produced by Vision Modular Structures are supported
with fin plates and have size limitations similar to cantilevered balconies in traditional
construction. Cold bridging can be reduced and even eliminated by having adequate
insulation and having the least possible amount of contact between the balconies and the
modules. Vision Modular Structures are currently developing a new connection for
attaching steel cantilever balconies to the concrete slabs of the volumetric modules for
future projects. A new design has been developed with the purpose of providing an
efficient means of connecting the balconies to the modules and preventing cold bridging.
A diagram illustrating the shape of the proposed design for the cantilever connections is
showm in Figure 1.2.

Sean Carroll

1 - Introduction

Figure 1.2

1.1

Cantilever connection

Project Aim

The aim of this thesis was to undertake tests on the new balcony connections and present
a detailed analysis of the results. A number of finite element models were created using
the finite element program LUSAS in order to compare the LUSAS results to the test
results. The concrete test slab that provided the base on to which the balcony connections
attach, was poured at Vision Modular Structures production facility in Ringaskiddy, Co
Cork. Testing was carried out at the John Fleming Construction facility in Bandon, Co
Cork, as the facility in Bandon had better lifting facilities and a greater space available to
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conduct the tests. Defleetions were measured using various digital and meehanical
deflection gauges, while strains were measured using a Hi-Tech digital strain meter from
the Heavy Structures Laboratory in Cork Institute of Technology.
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2.0

Components of Connections

2.1

Introduction

The actual behaviour of steel connections is quite complex and not easily defined. It is for
this reason that design philosophies that classify joint behaviour as rigid or pinned, have
been defined to idealise connection behaviour in order to simplify the design. Connection
failure is not usually as ductile as member failure. The geometry of connections is usually
more complex than that of the members being joined. The stress analysis of the joint is
complicated by the highly indeterminate nature of the joint, nonlinear behaviour due to
lack of fit and stress concentrations due to discontinuity in elements around bolt holes
and weld profile . Therefore the design of connections is a very important part of the
design of steel structures.

A connection comprises the members being joined (beams, columns) and the components
that make joining possible such as bolts, welds and plates. This chapter aims to describe
the main components of connections (bolts, welds, plates) and their individual behaviour.

2.2

Bolts

T here are several different types of bolts, which may be used for structural connections,
including non-preloaded bolts, precision bolts and high strength friction grip bolts.
Generically speaking, a bolt may be considered as a simple pin inserted in a hole that has
been punched or drilled in two or more steel plates or sections, to prevent movement and
transfer load. Depending on the configuration of the connection and the location of the
bolts, they may be loaded in tension, shear or a combination of the two as shown in
Figure 2.1. The dimensions and strength characteristics of bolts commonly used in the
13
UK and Ireland are specified in BS 3692'^ (precision bolts), BS 4190*'^
(non-preloaded

bolts) and BS 4395'^ (high strength friction grip bolts).
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Figure 2.1

Bolts loaded in combined tension and shear 12

The mechanical properties of bolts are defined by the ISO strength grading system. The
grades consist of two figures; the first figure is one-hundredth of the minimum ultimate
tensile strength in N/mm and the second figure is one hundredth of the ratio between the
minimum yield stress and the minimum ultimate tensile strength, expressed as a
percentage . A bolt of grade 4.6 therefore has a tensile strength of 400 N/mm and a
yield stress of 240 N/mm (0.6 x 400). Although bolts are available in grades 4.6, 8.8,
10.9 and 12.9, most structural connections are made using grade 8.8 bolts with the most
commonly used bolt diameter being 20 mm. Grade 4.6 is mild steel and is generally
reserved only for fixing lighter components such as purlins or sheeting rails. The ISO
strength grading system for nuts is a single figure being one hundredth of the specified
proof load stress in N/mm . A nut of grade 8 therefore has a proof stress of 800 N/mm
and would normally be used with a grade 8.8 bolt'. Assemblies of bolts, nuts and washers
o

should correspond to “matching assemblies” as outlined in Table 2 of BS-5950-2 .
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2.2.1

Non-preloaded bolts

The most economic and frequently used bolts in structural connections are non-preloaded
bolts. These bolts are inexpensive to buy and install as they need not be highly tensioned
to a predetermined torque; i.e. they are just tightened to “spanner tight” conditions. The
use of non-preloaded bolts simplifies the erection and assembly process of steel structures
as only very simple tools are required. When bolting on site, where accessibility of a joint
can be limited and where it is difficult to provide specialised equipment, they provide a
distinct advantage. Non-preloaded bolts are commonly referred to as “dowel, ordinary or
black” bolts and connections made with this type of bolt are often referred to as “bearing
type” to distinguish them from the slip resistant connections that employ preloaded bolts.
Non-preloaded bolts are predominantly used to resist shear loading; however they may
also resist tensile loading. Figure 2.2 shows an ordinary non-preloaded bolt with nut and
washer.

Length

R

Figure 2.2

Hexagon head bolt, nut and washer^

Non preloaded bolts are used in clearance holes that depend on the bolt diameter. These
holes may be as much as 3 mm in diameter greater than the actual bolt. Therefore, when
the connection is loaded there is an initial slip as the bolts are not highly torqued and thus
only exert modest frictional forces between plates'^. It should be clear, therefore, where
joint slip at a connection is not acceptable or where a joint is subject to load reversals,
that preloaded bolts such as high strength friction grip bolts should be employed.
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2.2.2

Preloaded bolts

High strength friction grip (HSFG) bolts are a form of preloaded bolts and can be
expensive from a material and installation perspective. These bolts provide extremely
efficient connections and are ideal for situations where there is dynamic or cyclic loading.
HSFG bolts are tightened to their proof load in order to develop high bearing forces
between the plates or plies. Frequently the contact surfaces are specially prepared to
improve the coefficient of friction and hence the fastener’s efficiency. Hardened washers
are required for the bolts to distribute the load under the bolt head and prevent damage to
the connected parts. Figure 2.3 shows the two principal types of bolt geometry associated
with preloaded bolts.
Washer
Waist

r

u

©

Waisted shank

Figure 2.3

Types of preloaded bolts^

As shown in Figure 2.3, HSFG bolts may come with a parallel shank or a waisted shank.
BS 4395'^ details the manufacturing requirements for HSFG bolts and two distinctly
different types of fastener are described in the standard. BS 4395 Part 1 details the
general grade which is similar to grade 8.8 ordinary bolts while BS 4395 Part 2 details the
higher 10.9 grade. The waisted shank is only available in the higher grade (10.9) and
although a higher tensile load may be applied there is a reduced margin between the yield
load and the ultimate strength'. As a result of this reduced margin, it is not permissible to
use these bolts in connections where there is applied tension.

Sean Carroll
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2.2.3

Tightening of High Strength Friction Grip Bolts

The main objective in tightening HSFG bolts is to ensure that the required preload is
attained. There are a number of methods of tightening; the choice of the appropriate
method is influenced by a number of factors including:
•

cost,

•

degree of certainty that required preload is attained,

•

need for inspection and if so, the ease with which it may be carried out,

•

time required to carry out the whole operation.

The procedures for the various methods of tightening are fully described in BS 4604^'
and three of the more common types are briefly described here.
2.2.4

Part-turn of nut method

fhis method consists of two stages. The first is referred to as bedding the joint and
consists of an initial tightening of the bolts to bring all parts being joined into close
contact over their full length. The connection is now in the “spanner tight” condition. The
second stage consists of making suitable marks on the nut so that the relative rotation
between the bolt and nut may be observed. The nut is then subjected to the appropriate
rotation to attain the required load as shown in Figure 2.4 for a parallel shank HSFG bolt.

Figure 2.4

Sean Carroll

Induced tension/nut rotation relationships for a HSFG bolt^
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2.2.5

Torque Control

This method relies on the use of a calibrated torque device to tighten the bolt and nut to a
predetermined torque. It should be noted that when bolts are tightened, only
approximately 10% of the torque is employed in inducing tension in the bolts. The
remainder is absorbed in overcoming friction in the threads and at the nut-washer
interface. Small variations in friction therefore will lead to substantial variations in bolt
load. Great care is necessary to produce consistent results and the torque control device
must be calibrated at least once per shift if consistent results are to be achieved. This
method is not very popular with contractors or inspectors and its use is quite often limited
to higher grade bolts with parallel shanks, where the turn of nut method is not permitted.
2.2.6

Load Indicating Devices

In this method protrusions are provided on the underside of either the bolt or washer. The
protrusions leave an initial gap when the bolt and nut are first assembled in the
connection. As a torque is applied, the protrusions are subjected to compression and
flatten as a result. The protrusions are designed so that a specific tension in the bolt will
correspond to the initial gap in the connection being reduced by a certain amount. Figure
2.5 shows a typical load indicating washer before and after tightening.

Figure 2.5

Sean Carroll

Load indicating washers before and after tightening
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Load indicating washers and bolts have proved to be quite popular as no specialist
equipment is required and it is relatively easy to inspect the gaps. The main advantage is
that the person installing the bolts can be assured that the required preload has been
attained as the protrusion will not flatten until this load is achieved.

2.3

Connection detailing

2.3.1

Geometric considerations

Ordinary bolts should be used in holes having a suitable clearance in order to facilitate
insertion. To accommodate some mismatch in hole centre lines and bolt diameters, holes
are normally drilled 2 mm in diameter greater than the bolt diameter. For bolts 24 mm in
diameter or larger, the clearance holes are normally 3 mm larger in diameter. Table 33 in
BS 5950-1^ outlines standard dimensions of holes for non-preloaded bolts.
2.3.2

Spacing of Fasteners

Requirements for fastener spacing, end and edge distances are all described in Section 6.2
of BS 5950-1. A minimum bolt spacing requirement ensures that the bolts are fully
effective. The maximum spacing requirements are generally based on the local buckling
'I

requirements to ensure that the connected elements remain flat and in contact . Minimum
edge and end distances are given to ensure a smooth flow of stress and to prevent edge
and end splitting of the connected parts. Maximum end distances are specified to prevent
curling or lifting of the plate. Figures 2.6 and 2.7 display the minimum and maximum
spacing and edge distance requirements respeetively. Table 2.1 summarises the main
requirements of BS 5950-1 with regard to bolt spacing and edge distances.
^ 2 5d cts ^

J_£P to end, in direction of stress
to sheared edge or hand flane cut edge
"V

1 4D to sheared edge or
hand flame cut edge
2 5d
1 25D to rolled, sawn, planed or
machine flame cut edge
1 25D to end, in direction of stress, to rolled
sawn, planed or machine flame cut edge

Figure 2.6

Sean Carroll
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Ml in the direction of the stress

Figure 2.7

Maximum spacing and edge distance requirements'

BS 5950-1 Clause No

Requirement

Distance

6.2.1.1

Minimum bolt spacing

2.5d

6.2.1.2

Maximum spacing in an unstiffened plate
•

In direction of stress

14t

•

In any direction where the connection is

16t < 200 mm

exposed
6.2.2.4

Minimum edge and end distances
•

Rolled, machine flame cut or plane

1.25D

edge
•

1.40D

Maximum edge and end distance

6.2.2.5

where:

Sheared, hand flame cut or any end

•

Normal

1 Its

•

Exposed

40 mm + 4t

t

is the thickness of the thinner part

d

is the nominal diameter of the bolt

D

is the hole diameter

s

= (275/py) where py is the design strength of the steel

Table 2.1

Sear Carroll
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It should be noted that all spacing and edge distance requirements are measured to and
from hole centres.

2.4

Behaviour and design of single bolt connections

Connections are generally classified according to the manner of stressing of the fastener,
that is, tension, shear or a combination of the two. Bolts may transfer loads by shear and
bearing, friction or tension as shown in Figure 2.8. It is apparent therefore, before a
connection may be analysed, that a fundamental appreciation of these behaviours must be
known.

The behaviour of a single bolt subject to the typical loading conditions is

discussed in the following section for the most commonly used bolt types.

(c) Tension joint

joint
Figure 2.8

2.4.1

Load transfer mechanisms for bolts 19

Shear and bearing

Ordinary bolts transfer shear loading directly by bearing between the bolt and the internal
surfaces of the holes in the plates. The load is transferred across the interface between the
plates as a shear force on the bolt as shown in Figure 2.9^. The shear area of the bolt
should be taken as the tensile stress area, which will be less than the nominal shank area
due to the threading of the bolt . A general approximation of the tensile stress area is 0.78
times the diameter of the bolt as observed in Table 16 of BS 4190:2001

Sean Carroll
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JFP

Bearing
3
inq3_
^Shear
Q ^ Bearing
^ Sheor
^

Bearing

Figure 2.9

Bearing bolt in shear^

The full shank area may only be used where it can be ensured that the bolt threads do not
lie in the shear plane. The shear capacity of a bolt therefore as defined in BS 5950-1^
clause 6.3.2.1 is:
(2.1)

P, = p,xA^.

where

= shear strength of bolts
A^.

= shear stress area

The shear strength of the bolts (p j is obtained from Table 30 of BS 5950-1^. There are a
number of situations that may arise in steel connections where the shear capacity of bolts
is reduced. Long joints result in an unequal distribution of force in the bolts and large grip
lengths allow for the possibility of bending moments in the bolts. For each of these
situations (see Figure 2.10) the shear capacity of the bolts is reduced. For connections
that incorporate thick packing, the shear capacity is also reduced to allow for the
possibility of bolt bending.

^---- H

T

T

jIl

B

Figure 2.10

Sean Carroll

A = Long grip joinT

B = Large grip joint'
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Table 2.2 summarises the main design requirements for non-preloaded bolts in shear.

BS 5950-1 Clause No Check

Capacity

6.3.2.1

Shear Capacity of a bolt

P. = P,A

6.3.2.2

Shear Capacity with packing

P,=p,.A,(9d)l(%d + y^)

6.3.2.3

Shear Capacity of Large grip

P, = p,.A,(Sd)l(3d + T^)

L>
Shear Capacity of Long joint

6.3.2.5

T, = p^..A/5500-L^)/5000

> 500ww)
where:

is the shear strength of the bolt
is the shear stress area
d

is the nominal diameter of the bolt

L.i

is the length of the joint

Tg

is the thickness of the grip

Tpa is the thickness of the packing
Table 2.2

Shear capacity checks for non preloaded bolts

The bearing capacity of a connection should be taken as the lesser of the capacity of the
bolt or the capacity of the plate. The bearing capacity of the bolt is influenced by the
thickness of the connected part and can be obtained from equation 2.2, which is taken
from BS 5950-1 clause 6.3.3.2.
(2.2)

where

d

= nominal diameter of the bolt

t^

= thickness of connected part
= bearing strength of the bolt

Sean Carroll
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The bearing strength of the bolt {Phb) may be obtained from Table 31 of the code. The
bearing capacity of the connected part is influenced by the size and shape of the bolt
holes and reference should be made to clause 6.3.3.3 of BS 5950-1 to obtain its value.
Equation 2.3 as obtained from clause 6.3.3.3 may be used to calculate the bearing
capacity of the connected part.
=

(2.3)

K,-‘i-<p-Phs

4, ^
= coefficient dependent on shape of hole (Table33)

where
d

= nominal diameter of bolt
= thickness of connected part

2.4.2

Pks

= bearing strength of connected part (Table32)

e

= end distance

Pre-loaded bolts

Preloaded bolts such as high strength friction grip bolts utilise the applied tension in the
bolts to create frictional forces between the plies, which in turn resist shear loading.
Connections of this type are normally designed to resist slippage at working load
conditions but allow slippage before the ultimate load is reached. After slip of the bolts it
will be necessary therefore to check the bearing and shear capacities of the bolt at the
ultimate load. BS 5950-1^ allows the slip resistance for these bolts to be calculated for
two limiting cases - non slip in service and non slip under factored loads. The slip
resistance

of a preloaded bolt should be determined as follows:

Non slip in service

P,=\AK^^,,

(2.4)

Non slip under factored loads

Pp =

(2.5)

Sean Carroll
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where Pq is the minimum shank tension as specified by BS 4604 2 1 and fj. is the slip factor
obtained from Table 35 of BS 5950-1^. The factor Ks relates to the type of bolt hole and
reference should be made to clause 6.4.2 of BS 5950-1 for its value. The behaviour of a
preloaded bolt is illustrated in Figure 2.11.

r

i

ft
11
♦ ♦

nr
ijr

Figure 2.11

^I

Preloaded bolt subjected to shear loading^

The load versus deformation response of a single 20 mm diameter, general grade HSFG
bolted connection is as shown in Figure 2.12. The bolt is inserted in a 2 mm clearance
hole and the surfaces of the connection have been grit blasted"^. Initially the load is
transferred by friction between the surfaces in contact. These frictional forces develop
from preloading the bolt to its proof load. As the load increases the surfaces start to reach
the point of slippage. Further loading produces a slip, and if sufficient strain energy is
available a single large slip will take the bolt directly into bearing"^.

Sean Carroll
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Figure 2.12

Typical load deformation response of a general grade HSFG bolt in
shear^

However, in this case there is insufficient energy available and the slipping ceases after a
small amount of movement. Further load produces a second slip which takes the bolt into
bearing. Until a preloaded bolt has slipped, the shear resistance is provided by friction"^.

2.4.3

Bolts subjected to tension

When a connection is subjected to tension either directly or through bending, prying
action should be taken into account^. A T-stub connection as shown in Figure 2.13
displays the induced prying forces which may result when a connection is in tension. The
T-stub is subjected to an applied tensile force of IF,. Therefore, the bolts will be
subjected to tensile forces that are equal to half the applied load plus a prying force Q.
Preloaded bolts would normally be used for this particular connection. The value of the
prying force can vary significantly and depends upon the spacing of the fasteners and
more specifically, the relative stiffness of the plates and bolts.

Sean Carroll
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Q is the prying force

Figure 2.13

A T-stub model displaying prying action^

When the T-stub endplate is rigid, it will not bend significantly and so the flexural action
may be ignored. When a rigid T-stub connection is loaded gradually, initially the applied
load is less than the preload in the bolts. As the applied load is gradually increased, a
point is reached where the applied load is greater than the preload in the bolts and the
rigid plate separates entirely from the base. From this point to failure, the applied load
equals the total load in the bolts. When the endplate is flexible the behaviour is more
complex as each side of the T-stub endplate bends into double curvature. The force in the
bolts is increased due to the prying action of the endplate. The result of this increase in
bolt force is that the ultimate capacity of the connection is reduced as is the relative
stiffness of the connection. Figure 2.14 shows the relationship between bolt force and
applied load for a T-stub connection with a thick endplate (a) and a thin endplate (b).

Cot

Sean Cairo 11
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Figure 2.14

Influence of endplate flexure on tension connections, (a) thick plate
and (b) thin plate^

BS 5950-1^ permits two approaches to allow for the effect of a prying force Q - a
simplified approach and a more exact approach. The simplified approach takes the prying
action into account by reducing the nominal tension capacity of a bolt by 20%. Therefore,

Sean Carroll
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the prying force does not need to be calculated. The tensile force per bolt
by the connection should not exceed the nominal tension capacity

transmitted
of the bolt as

calculated from:

(2.6)

P„o„ = -^pA

where

p, = tensile strength of the bolt
A, = tensile stress area

T he simplified method should only be used if the cross-centre spacing of the bolt holes
(s) as shown in Figure 2.15 does not exceed 55% of the width of the flange or endplate.
I'he restriction on the spacing of the bolt holes ensures that the prying force will be kept
within allowable limits. Clause 6.3.4 of BS 5950-1 details all recommendations and
precautions for bolts to be used in tension.

Jr
J1
1

isO.SSS
L
[

1

1
1

1

^
1

8

Figure 2.15

Maximum cross centres of bolt lines for simplified method

When the simplified approach for designing tension joints is not suitable or allowed by
BS 5950-1, the more exact approach should be used. In this method it is necessary to
calculate the prying force Q. The magnitude of the prying forces is related to the stiffness
of the bolts and plates used in the connection. Theoretical analyses based on elastic and
plastic theories are available to determine the values of the prying forces^. The prying

Sean Carroll
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force Q adds directly to the tension in the bolt as previously shown in Figure 2.14. The
total bolt tension must be less the tension capacity of the bolt which is obtained using;

P,=p..A,
where

(2.7)
/?, = tensile strength of the bolt
A, = tensile stress area

2.5

Welding

Welding offers a means of making continuous, load bearing, metallie joints between the
members of a structure. A welded joint is made by fusing (melting) the steel plates or
sections along the line of a joint. Molten metal forms along the line of the joints, which
unites the two members and bridges the interface as the molten metal cools and solidifies
forming a solid bond. As the molten metal forms along a joint line, it is important that it
is protected from the surrounding air. If oxygen is allowed to fuse with the molten metal,
a more porous and/or contaminated weld results. A Oux or gas is most commonly
introduced to prevent or limit these effects. The most common process of welding used in
connections is fusion (arc) welding. There are a number of techniques of fusion welding
including manual and automatic/semi-automatic, such as manual metal arc (MMA) and
metal active gas (MAG), which may sometimes be referred to as metal inert gas (MIG).
The most commonly formed welded joints in structural steelwork may be classified into
four principal configurations, as illustrated in Figure 2.16.
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L

X
faf Bun joint

(b) Lap joint

(cl Tee joint

(dl Coiner joint

Figure 2.16

Main types of joints in structural steelwork 18

The selection of the most suitable weld process to form joints such as those shown in
Figure 2.16 is based on:

•

location of welding operation (fabrication shop or on site)

•

volume of weld to be deposited

•

access to the joint

•

position of weld

•

cost (usually a function of the aforementioned parameters).

Of the five parameters listed, the position of the weld can be the most influential in
determining the ease and cost of fabrication as well as the mechanical properties of the
welds. MMA is equally suited to work on site or in the workshop; however MAG/MIG is
more suited to the workshop due to the extra equipment involved. Figure 2.17 illustrates
some commonly occurring weld positions encountered in the shop and field. The PA and
PB welding positions allow the highest deposition rate. High deposition rates cannot be
used when making welds in the vertical (PF and PG) and overhead positions (PD and
PE)^ Welds made in the more difficult overhead positions are far more likely to contain
defects. Wherever possible therefore, positions PA and PB should be provided as much as
possible to enable high quality welds to be produced.
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Cracking can occur in welds and adjacent parts of the members being joined as the weld
contracts on cooling. The shrinkage of the weld metal due to eooling sets up residual
stresses in the members. Welding may also cause distortion and care needs to be taken to
ensure that fabricated members are square and free from twisting. Good detailing and the
use of the correct welding procedure can minimise these effects. The following steps can
help to reduce the effects of weld distortion:

Selecting a joint type that requires the least amount of joint weld metal filler,
Using edge preparations that reduce the amount of weld metal required,
Making welds at fast travel speed using equipment to minimise the heat input into
the members’.

2.6

Types of weld

The two most popular and commonly used types of welds are fillet and butt welds. BS
5950-1:2002^ details the design requirements for fillet and butt weld joints. This section
aims to describe each of these weld types in terms of behaviour and common uses.

Sean Carroll

26

2 - Components of Connections

2.6.1

Fillet Welds

Fillet welds are commonly used to make tee, corner and lap joints. Fillet welds are
approximately triangular in cross section as shown in Figure 2.18. No edge preparation is
required for fillet welds making them cheaper in general than butt welds and hence more
popular. Larger tolerances are allowable when using fillet welds to form lap joints during
erection. Such tolerances are not allowed for butt welds as they generally have to fit
perfectly. The size of a fillet weld is given by the length of the leg (see Figure 2.18). The
strength of the weld is determined by the throat thickness. Fillet welds transfer forces by
shear through the throat thickness.

The behaviour of a fillet weld is greatly influenced by the angle at which a force is
applied relative to the weld axis. Figure 2.19 illustrates the relationship between the
average throat stress and deformation for an 8 mm fillet weld loaded at 4 different angles
6 relative to the weld axis. The ultimate strengths of the plate and weld metal are 511
N/mm and 565 N/mm" respectively. When 6* = 0 (end fillet situation), the applied force
is normal to the weld axis and a high strength joint is able to develop. The average throat
stress at failure is similar to the weld metal tensile strength (565 N/mm ). Ductility is
very limited however as deformation at failure is only approximately 1 mm. When
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6

-

90° (side fillet situation), the average throat stress at failure is reduced to

approximately half the weld metal tensile strength and the deformation at failure
approximately doubles (2 mm). It is clear therefore that the orientation of the weld axis to
the applied force is an important parameter to consider for fillet welds.

Figure 2.19

Average throat stress (N/mm^) versus weld deformation (mm) curves
for an 8 mm fillet weld loaded at various angles (^) to the weld axis^

2.6.2

Butt weld

Butt welds are most commonly used to join an edge to edge junction or a tee junction.
These welds are typically named after the shape of the edge preparation used to join the
edges of the two plates together as shown in Figure 2.20. The edges of the plate can be
created through the use of flame cutting, arc-air gouging or edge planing.
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Different types of butt welds
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Butt welds may have full or partial penetration speeified at a joint. The thickness of the
plates being joined influences the level of preparation required for full penetration. Where
very thick plates are to be joined, double V, U or J preparation may be required to attain
full penetration. For thick plates, a considerable saving of weld metal required to join the
plates may be achieved by the use of a U preparation in comparison to a V preparation.
Thin plates may require no preparation at all. The main use of butt welds is to connect
elements in the same plane. For butt welds, the most critical form of loading is in the
J

transverse direction . Figure 2.21 shows a butt weld and the common terminology
associated with such welds.

Throat
thickness

JL
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2.7

Design of Welds

The design of welds is based on the recommendations given in BS 5950-1^. This is the
main source of reference for this section except where explicitly stated.
2.7.1

Design of fillet welds

Important provisions regarding the detailing and design of fillet welds are set out in
Clause 6.7.2. Some of the main points are listed here:

•

End returns for fillet welds around corners should be twice the leg length (s),

•

In lap joints the lap length should not be less than four times the thickness of the
thinner plate,

•

In end connections joined by longitudinal fillet welds, the length of the weld
should not be less than the transverse spacing between the welds (see Figure
2.22).

f >7.

2

"^r

2s tnin.___ I

T

[
Weld stopped
short

Figure 2.22

Minimum fillet weld length for end connection"

The angle of intersection between the fusion faces at a fillet weld location should not be
less than 60 and not greater than 120 as described in clause 6.8.1. The effective throat
size (a) of a fillet weld should be taken as the perpendicular distance from the root of the
weld to a straight line joining the fusion faces that lies just within the cross section of the
weld. Figure 2.23 illustrates the appropriate effective throat size (a) to use in design
calculations for three typical fillet welds. The capacity of a fillet weld is based on the
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effective throat size. It should be taken as the lesser of the values for (a) or (.7s) as
illustrated in Figure 2.23.
a

0.7s

a < 0.7 s

a) Equal leg fillet

Figure 2.23

a > 0.7 s

b) Obtuse angle fillets

c) Acute angle fillet

Effective throat size (a) of a fillet wela

The design strength

of a fillet weld is defined in Table 37 of BS 5950-1^. The design

value depends on the electrode classification and the steel grade used in the weld. Table
2.3 displays the design strength values for fillet welds.

St«el grade

For other tjT>es of electrode and-'or other steel grades;

Electrode classilicadon
<se€ Table 10)

K/mm-'

so

42

3A

Ni'mm-

N/mm-

S275

220

{220)*

(220)*

S 355

(220)*’
(220)^

250

(250)*

{250)t>

280

S460

= 0.5Cg but

n O.SSCg

where
Ug is the minimuxii tensile strength of the electrode,
as specified in the relevant product standard;
Ug IS the specified minimum tensile strength of the
parent metal.

^ Under-matcim^ electrodes. Xot to be used for paical penetration butt welds.

Table 2.3

Design strength of a fillet weld p^. (Table 37 of BS 5950-1)

BS 5950-1 recognises two approaehes to the design of fillet welds, the simple method and
the directional method. The directional method has been incorporated to account for the
fact that fillet welds are much stronger when subjected to forces that are normal to the
weld axis as discussed in section 2.6.1. Fillet welds are better suited to resisting
transverse forces than longitudinal forces (see Figure 2.24).
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(b)

2F-,

Welds subject to transverse forces

Figure 2.24

Longitudinal and transverse forces on fillet welds 2

Simple method
I'he capacity of the weld is sufficient if throughout its entire length, the vector sum of the
design stresses due to all the forces and moments transmitted by the weld do not exceed
the weld design strength p^. as obtained in Table 2.3. Based on the effective throat
thickness (a) of the weld^ the applied stresses are calculated.

Directional method
In this method the forces acting on a weld are resolved into parallel and perpendicular
components with respect to the weld. The longitudinal force (F/ ) acts parallel to the weld
axis and the transverse force (F^ ) acts perpendicular to the weld axis shown in Figure
2.24. The longitudinal shear capacity {Pj) and the transverse shear capacity (F^ ) of the
weld per unit length are given by equations 2.7 and 2.8 respectively:

(2.8)

Pi = K.p^..a

(2.9)

where
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is the weld design strength

a

is the throat thickness
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K

is a coefficient to account for the angle 9 between the force and
the throat of the weld (see Figure 2.25)

K

Figure 2.25

= 1.25.

1.5
1 + cos^ 9

The angle 0 between the applied force and throat of the weld

d o account for the interaction between the longitudinal and transverse forces, equation
2.10 should be satisfied throughout the length of the weld.

^ El

^ F: ^

<1

+
V

2.7.2

(2.10)

J

Design of butt welds

Full and partial penetration butt welds should be made using matching electrodes or other
consumables. A matching electrode should have a specified minimum tensile strength,
yield strength, elongation at failure and Charpy impact value, all of which should be
n

equivalent to or greater than those specified for the metals to be joined . Where a
matching electrode is used then the design strength of the butt weld may be taken as
equal to that of the parent material.

When using a single sided partial penetration weld as shown in Figure 2.26, the throat
thickness should be taken as being equal to the minimum depth of penetration. The

Sean Carroll

33

2 - Components of Connections

minimum thickness of a longitudinal partial penetration weld should be 2v7 where t is
the thickness of the thinner member at the joint in millimetres.
yi
-V-

<
a) Butt joint widi
aingle-Eided parti&I
penetration ^tt tceld

Figure 2.26

2.8

b) Butt joint with.
doiiJ9le-5id«d partial
penetraaon butt tteld

ci Comer joint with
nn?le-sided partial
penetration butt weld

di Tee-butt joint with a pair of partial
penetration butt xelde with erremal fillets

Partial penetration butt welds^

Moment Connections

The successful design, and in turn performance, of a structural steel frame is as much
dependent on its connections, as it is on the size of its main structural members. Within a
frame, connection behaviour affects the distribution of internal forces, moments and the
overall deformation of the structure. Moment connections are designed to transmit both
shear and bending moment from the supported member to the support. The force and
stress distributions within moment conneetions is quite varied and is dependent on the
performance of a number of elements such as the welds and the bolts, and the relative
ductility of the eonnection as a whole. Design of moment connections therefore tends to
be more complex than simple eonnections that are designed to transmit shear only.

Building frames can be designed without moment connections. Where adequate lateral
resistance is provided to a frame in the form of a shear wall or bracing, “simple
construction” design principles may be employed where joints are treated as nominally
pinned (i.e. not moment resisting). There are however many practical structures where
moment connections are neeessary. Unbraced frames and portal frames are the most

Sean Carroll

34

2 - Components of Connections

obvious example. This section aims to explore the factors affecting the design of moment
connections and the most common procedures used in their design.
Historically moment connections have been designed for strength only with little regard
to characteristics such as ductility and stiffness. It is not sufficient in all situations to
assume that a moment connection is adequate simply because it is capable of resisting the
design bending moment, shear and possible axial forces. The connection’s rotational
stiffness and rotational capacity should also be taken into account.

2.9

Classification of Connections

The design of connections depends on the engineer’s decision regarding the manner in
which a particular steel frame is to be analysed and the required behaviour of the joints.
Members are connected at joints and thus efficient connection design requires a
fundamental appreciation of the different types of joint behaviour. There has been much
research into the topic and the actual behaviour of structural joints is well recognised as
being intermediate between the two extreme situations, i.e. rigid and pinned.

At the global analysis stage, the effect of having pinned or rigid joints is to not only
modify frame displacements but also the distribution and magnitude of the internal forces
throughout the structure. Generically speaking, moment connections may be classified by
their rotational stiffness, moment resistance and/or rotational capacity as described in the
following section.
2.9.1

Rotational Stiffness

Connections may be rigid, semi rigid or nominally pinned (i.e. no rotational stiffness)

Rigid Joints
When the differing members (beams, columns) and components (welds, bolts, plates) at a
joint are sufficiently stiff (i.e. ideally infinitely stiff), the joint is rigid and there is no
difference between the respective rotations at the end of the members connected at this
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joint. The joint experiences a single global rigid body rotatnn, which is the nodal rotation
associated with the widely used analysis methods for fumed structures, such as the
stiffness method . A rigid connection is one which is stif enough for the effect of its
flexibility on the frame bending moment diagram to be negected. Figure 2.27 illustrates
the idealised relative rotations at a rigid joint.

Figure 2.27

Relative rotations at a rigid joint 22

Pinned Joint
When a joint has minimal stiffness, in the case of a beam to:olumn connection, the beam
will behave as simple supported. The joint acts like a frictimless hinge that is unable to
resist any moment. Figure 2.28 illustrates the idealised behaiour of a pinned connection.
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Semi-Rigid Joint
For a joint of the intermediate case (i.e. non zero and non infinite stiffness), the
transmitted moment results in a difference (p between the absolute rotations of the two
connected members as shown in Figure 2.29. This gives a much more realistic
interpretation of the actual behaviour of most joints as infinitely stiff or zero stiffness
joints are practically impossible to produce. In semi-rigid joints, the stiffness of the joints
must be determined and taken into account in design as it affects the distribution of forces
and moments in the frame.

The concept of rotational stiffness is best understood by considering a rotational spring
between the ends of two connected members. The rotational stiffness of this spring is the
parameter that links the transmitted moment M to the relative rotation (p . It is the slope
of the moment-rotation curve that defines the joint properties for a particular type of
connection which is the actual change in angle that takes place between the axes of
adjoining members as shown in Figure 2.30.
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0

Figure 2.30

Moment-Rotation of a connection^

At the present time the only aecurate way to determine the moment rotation
characteristics of a connection is by testing. Methods of calculating connection stiffness
do exist, notably in IS EN 1993 1-1:2005

Annex J (Eurocode 3); however they are not

widely used as many designers have a lack of confidence in their accuracy. The stiffness
limits defined in Eurocode 3 are show^n in Figure 2.31.

Figure 2.31
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Figure 2.32 illustrates the stiffness limits as suggested by the Steel Construetion
Institute/British Construetional Steelwork Association (SCI/BCSA) in publication
number 207/95 ‘Joints in Steel Construction, Moment Connections’^. It can be seen that
Eurocode3 and SCI/BCSA give different limits on the dividing boundary for rigid and
semi-rigid connections. Eurocode 3 suggests two alternatives depending on whether a
frame is to be designed as braced or unbraced. For pinned connections, SCI/BCSA do not
specify a stiffness limit; instead these connections are classified by their strength. When
the moment capacity of a connection is less than or equal to 25% of the moment capacity
of the beam, the connection may be assumed to be pinned.

Figure 2.32

Stiffness limits for eonnections as defined in SCI/BCSA*

Figure 2.33 shows typical beam to column connections commonly found in steel framed
98

buildings and the stiffness category into which they are classified by Cosenza et al .
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% ♦,

moment
M

1
2
3
4

Fully welded
Extended end plate
Top and bottom flange splices
Flush end plate
5 Flange cleats and web angles
6 Flange cleats
7 Double web angle

Rotation (fi
Figure 2.33

Moment rotation curves for typical connections 12

Due to the extra work involved in defining the actual stiffness of semi-rigid connections,
designers have traditionally tended to treat joints as either rigid or pinned for design
purposes.
2.9.2

Moment resistance

Connections may be classified as either full strength, partial strength or nominally pinned
(i.e. not moment resisting).
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Full Strength
A full strength connection is a connection with a moment resistance at least equal to that
of its adjoining member.

Partial Strength
A partial strength connection is a connection which is weaker than the connected
member.

Figure 2.34 defines the limits of connection strength in relation to that of the connected
member as suggested by SCI/BSCA^. The numbers 1 to 6 define typical moment rotation
curves for the following connection types:
1.

Full Strength

4.

Semi-rigid

2.

Partial strength

5.

Nominally pinned

3.

Rigid

6.

Ductile

Figure 2.34

Classification limits for strength^

In Figure 2.34 Mex represents the strength of the connecting member (beam). The vertical
axis (M) represents the moment and the horizontal axis (cp) represents rotation.
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2.9.3

Rotational capacity

The connection may need to be ductile in order to allow it to rotate plastically at some
stage during the loading cycle. The rotation capacity is a measure of the deformation that
can be obtained before failure somewhere in the connection causes a drop in the moment
resistance.

2.10 Methods of design
Traditionally, engineers have been accustomed to assume that joints in structures behave
as either pinned or rigid in order to ease the computational effort in the design
calculations. Whilst this common technique of modelling connections has been
successfully applied for many years, a more rigorous approach would acknowledge that
all “rigid joints’" exhibit a degree of flexibility and all “pinned” connections possess some
stiffness. The new method of design that has yet to gain wide use is known as semi
continuous design. The UK steel design code BS5950-1^ and IS EN 1993-1-1^^ give four
approaches for the design of a steel frame in which the behaviour of the connections is
fundamental.

2.10.1 Simple Design
The joints should be assumed not to develop moments adversely affecting either the
members or the structure as a whole. This assumption remains valid as long as the beams
are treated as simply supported and implies that beam to column connections must be
sufficiently flexible in order to avoid significant end moments. When using this approach
the connections are termed nominally pinned regardless of the method of global analysis
used. In simple design it is assumed that lateral stability of the framework is provided by
separate identified elements such as shear walls or bracing.

2.10.2 Continuous Design
In the continuous approach the type of connection used will depend on the method of
global analysis. In elastic analysis the joints are classified according to their stiffness and
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a rigid connection must be used. In continuous design, full continuity is assumed at
connections and it is also assumed that adequate stiffness exists at the joints to maintain
the integrity of the angles between connecting members. Lateral stability of the frame
against sway in continuous design is provided by frame action (i.e. by bending of beams
and columns) and rigid joints.
In plastic analysis the connections are classified according to their strength (moment
capacity) instead of stiffness and full strength connections must be used. Full strength
relates the strength of the connection to that of the connected beam. Connections that
have a lower moment capacity than the connected member are termed partial strength.
2.10.3 Semi-Continuous Design
The semi-continuous method gives a more realistic approach to joint stiffness, which is
ignored in the simple method and presumed fully rigid in the continuous. Semi-rigid
connections are too Ilexible to be considered rigid but they are not pins. The type of
connection used will depend on the method of global analysis. When elastic analysis is
used, the connections are classified according to their stiffness. When plastic analysis is
used, connections are classified according to their strength. Potentially, semi-rigid design
can lead to great economic savings but because of the complexity in iterating between the
actual connection stiffness and the frame design, it sees little practical use at the present
time. A simplified procedure known as the wind moment method for unbraced frames is
available. In this procedure, the beam/column joints are assumed to be pinned when
considering gravity loads. However, under wind loading they are assumed to be rigid
which means lateral loads are carried by frame action.

2.10.4 Experimental verification
The UK structural steel design code BS5950-1^ states that where the design of a structure
or element by calculation in accordance with limit state theory is either not practical or
appropriate, the strength, stability, stiffness and deformation capacity may be confirmed
by appropriate loading tests in accordance with section 7 of the code.
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2.10.5 Cantilever connection
When a beam is required to cantilever off a column or the main building envelope, a
moment connection is required. The connection must be designed for full strength and
should also be designed to be as stiff as possible (i.e. rigid) in order to limit deflections
while in service.

The balcony connections that are tested and analysed in this thesis are complicated by the
steel-concrete interface at the connection. Reinforcing bars in the concrete slab to which
the balcony brackets are connected allow forces in the brackets to be transferred into the
slab. A good bond between the reinforcing bars and the concrete is imperative to allow
this force transfer to take place. Chapter 3 investigates the main bonding parameters
between steel reinforcing bars and concrete.
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3 - Concrete - Steel Bond

3.0

Concrete - steel bond

3.1

Introduction

Reinforced concrete is a very useful composite material in engineering terms. The two
materials, concrete and steel, complement each others strengths and weaknesses very
well. Where concrete is quite strong in compression and weak in tension, reinforcing steel
is strong in both tension and compression; however, buckling is a consideration when
elements are subjected to compressive stresses. Steel corrodes when exposed to the
atmosphere; however concrete can be made to be quite resistant to harmful external
agents. Concrete maintains its strength well in the event of a fire whereas steel loses its
strength quite rapidly when subjected to high temperatures. When steel is placed inside
concrete, the steel is protected from the atmosphere and insulated in the event of a fire. A
composite material is created that works well under compression or tension.

The successful performance of a reinforced concrete member relies on its ability to
transfer stresses between the two materials and act as a composite member. In order to
transfer the steel stresses into the concrete, a good bond between the two materials is
essential. Bond is quite often idealised as a continuous stress field at the concrete and
steel interface. The actual behaviour at the interface between the reinforcing steel and
concrete in reality is more complex however. This chapter aims to describe actual bond
behaviour in reinforced concrete members and the many factors which influence it. The
main source of reference for this chapter is the state of the art report “Bond of
Reinforcement in Concrete'' by FIB except where explicitly stated.
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3.2

Bond Mechanics

Bond between a steel reinforcing bar and concrete, is composed of three principal
mechanisms:

1. Chemical adhesion
2. Friction
3. Mechanical interaction (deformed bars only)

Chemical adhesion refers to the bond formed between the surface of a reinforcing bar and
the cement paste of the concrete during concrete setting and curing. Friction is the
resistance against a parallel displacement between two surfaces that are kept in contact by
a compressive force perpendicular to the contact plane . Frictional forces develop along
bars at the concrete and steel interface as the chemical adhesion breaks down due to
increased loadings and the bars begin to slip. 'I'he surface texture of the reinforcing bars
and shrinkage in the concrete influence the mechanisms of adhesion and friction. Friction
and chemical adhesion are the principal bond mechanisms in plain steel bars. In deformed
bars with transverse ribs or lugs, mechanical interaction is the main bonding parameter.
Bearing stresses develop between the ribs of the reinforcement and the concrete interface.
The concentrated bearing forces at the front of the lugs radiate out in the surrounding
concrete at an inclination a to the bar axis as shown in Figure 3.1.

concrete key

Figure 3.1
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Resolving these bearing forces into components relative to the bar axis; the parallel
component equals the bond force and the radial components induce circumferential
tension in the concrete around the bar as shown. When sufficient confinement is provided
in the form of concrete cover and transverse reinforcement, ultimate failure of the bond
will occur due to “bar pull out”. Where insufficient confinement is provided, a “splitting
bond” failure occurs.

Many engineers and scientists have contributed to extensive research into the many
aspects of bonding behaviour. It is largely accepted amongst these researchers that the
interaction between a bar subjected to a pull out force and concrete can be characterised
by four different stages. Figure 3.2 shows a graph of average bond stress (rj versus slip
(S,) for plain and deformed bars with different levels of confinement. The four stages of
bond interaction are shown and reference should be made to this figure when reading the
following sections of the report.

Residual strength
(friction)
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3.2.1

Stage 1 (Uncracked concrete)

Where low bond stresses exist (r < r, = (0.2-0.8)/^,,), chemical adhesion and
micromechanical interaction are the main bonding parameters. The notation

refers to

concrete strength in tension. Examination of a steel bar under a microscope shows a
rough texture associated with the surface. Chemical adhesion and micromechanical
interaction play only a minor role in the overall bonding behaviour at larger forces. This
is confirmed by the poor performance of plain steel bars, where slip at relatively low
loadings can result. For deformed bars at low bond stresses, highly localised stresses
within the elastic range begin to arise close to the lug tips as shown in Figure 3.3.

Figure 3.3

Stress concentration at lug tip of deformed bar^

A concrete particle at the lug tip shows a high stress concentration; however a particle
just above the lug tip has a relatively low stress concentration. A small amount of bar slip
is shown for plain and deformed bars at low bond stresses (see Figure 3.2). The symbols
and

relate to the average bond stress of a plain and deformed bar respectively at

stage 1. The reason for this slip is the presence of shear deformations from localised
strains close to the concrete interface. Relative displacement of a bar normally consists of
two parts; slip at the interface between the concrete and steel and shear deformations in
the concrete itself No slip at the interface occurs during this stage, so displacement is due
to shear deformations only. For plain steel bars, stage 1 leads directly onto stage 4 as
shown in Figure 3.2. Plain bars do not have lugs and are unable therefore to develop
bearing stresses, which occur in stage 2 and 3 for deformed bars.
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3.2.2

Stage 2 (First Cracking)

At higher bonding stresses (r > r,), the chemical adhesion begins to break down. The
lugs of deformed bars induce large bearing stresses (p ) m the concrete as shown m
Figure 3.4. The concentrated bearing forces at the front of the lugs cause transverse
micro cracks, originating at the lugs of the reinforcement, to occur. This cracking allows
the bar to slip the distance S, shown in Figure 3.4. Concrete begins to crush at the front
of the bar ribs towards the end of stage two. This results in the rib bearing angle a
^

:4c

reducing to a . The reduced rib bearing angle enhances the outward bearing force (p ).
No “through concrete splitting” occurs at this stage as the wedging action of the lugs
remains limited. “Partial splitting” at stress Tj may occur in sections with light transverse
reinforcement. The bearing forces that are inclined with respect to the bar axis can be
resolved into components as shown in Figure 3.5. The parallel component equals the
bond force and the perpendicular or radial component induces circumferential tensile
stresses in the surrounding concrete.

. transverse

N+AN

Figure 3.4
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3.2.3

Stage 3 (Splitting)

At higher bond stresses again(r > (1-3) /^,), the longitudinal eraeks (splitting eracks)
begin to spread radially as shown in Figure 3.6. Crushed concrete at the front of the lugs
enhances the wedging action of the deformed bars. The outward component of pressure
(p ) of Figure 3.7 is resisted by hoop stresses m the surrounding concrete, which exerts a
confinement action on the reinforcing bar. The amount of transverse reinforcement
influences the level of confinement exerted on the reinforcing bar. In the case of light
transverse reinforcement, this stage ends as soon as the concrete splitting reaches the
outer surface of the concrete member. This is known as ‘“through splitting” at stress
(see Figure 3.2). Afterwards, a more or less sudden failure occurs depending on the
amount of transverse reinforcement. For sections with heavy transverse reinforcement or
large concrete cover, concrete splitting can be limited to a cracked concrete core. The
confining action of the concrete and transverse reinforcement prevents through splitting.

Sean Carroll

52

3 - Concrete - Steel Bond

It is due to the enhanced wedging action of stage 3 that all possible contributions to
confinement are utilised. Factors influencing confinement efficiency are concrete cover,
transverse pressure, size and spacing of transverse reinforcement, size and spacing of the
main reinforcement and crack cohesion.
radial longitudinal

Figure 3.7

Sean Carroll

transverse cracks

Outward components of bearing force (p )'

53

3 - Concrete - Steel Bond

3.2.4

Stage 4 (Failure)

The type of reinforcement (plain or deformed) and the level of confinement are two of the
main factors that influence how the ultimate failure of the bond will occur.

Stage 4a as shown in Figure 3.2, details the failure of plain bars. This stage follows
directly after the breakdown of adhesive bond in stage 1 as there are no lugs to develop
bearing stresses. Force transfer is provided by friction and is highly influenced by the
transverse pressure, concrete shrinkage and bar roughness. Failure occurs due to bar pull
out.

Stage 4b as shown in Figure 3.2, details the failure of deformed bars confined by light to
medium transverse reinforcement. Longitudinal cracks (splitting cracks), break out
through the spacing between the bars and through the concrete cover to reach the member
surface and the bond tends to fail abruptly. A sufficient amount of transverse
reinforcement however can ensure bond efficiency in the presence of concrete splitting,
due to the confinement action of the transverse reinforcement. Stirrups are most efficient
in preserving bond efficiency in spite of concrete splitting. Large bond stress values
((1/3) - (1/2))/’. may develop in stage 4b as shown in Figure 3.2. The notation J], refers
to the strength of concrete in compression. These large stress values induce undesirably
high slip values at the loaded end. At increasing slip values, the bond strength reaches a
peak before it finally starts decreasing. Before failure, the bond tends to become of the
dry friction type as the concrete keys between the lugs are crushed or sheared off The
tips of the lugs rub against the concrete without any appreciable increase in the wedging
action.

Stage 4c as shown in Figure 3.2, details the failure of deformed bars confined by heavy
transverse reinforcement. The confinement of the transverse reinforcement prevents
“through splitting” and bond failure is caused by “bar pullout”. The force transfer
mechanism changes from rib bearing to friction. The shear resistance of the concrete keys
can be considered as a criterion for this transition. Under continued loading, a decrease of
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bond stress results from smoothing of the interface due to wear and compaction. Figure
3.8 displays three typical forms of bond failure; (a) pull out, (b) splitting induced pullout
accompanied by crushing and/or shearing-off in the concrete below the ribs and (c)
splitting accompanied by slip on the rib faces.

Figure 3.8

3.3

Modes of Bond Failure^

Rib bearing angle

Ribs of deformed bars enable large bond stresses to develop at the concrete and steel
interface due to the bearing action of the bar ribs into the concrete. Figure 3.9 shows the
rib of a deformed bar bearing into concrete, before and after an initial slip occurs. The
bearing force is transferred into the concrete at an angle that can be resolved into
horizontal and vertical components as shown. As the load in the bar increases, concrete at
the front of the rib begins to crush and a wedge of crushed concrete paste forms. This
wedge of concrete increases the angle at which the bearing force is transferred into the
concrete. Effectively the rib bearing angle (Grib) of the bar is reduced. This is an
important concept to note; as tensile load in the reinforcement rises, the radial splitting
stresses increase at a greater rate than the longitudinal bond stresses. Lutz^ was one of the
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first to study the performance of single rib specimens. He observed that ribs with a face
angle (see Figure 3.9) less than 30° showed poor bond-slip performances. He also noted
that at failure, the angle of the concrete wedge was between 30° and 45°.

Bond Angle,

= 90° " Orib

ii. Final Bearing of Rib on Concrete
Figure 3.9
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3.4

Factors influencing bond performance

3.4.1 Bar geometry

Ribbed bars with a circular cross section are the most commonly used form of
reinforcement in reinforced concrete members. The greatest bond performance for these
bars is established from an appropriate combination of bar diameter (), rib height (h)
and rib spacing

. The “bond index” or “relative rib area” fj^ is a coefficient

incorporating these three parameters as shown in equation 3.1:
./« =

71.df^ .Sj^

(3.1)

whereis the area of the projection of a single rib (consisting often of two lugs).
Experimental evidence suggests that bond performances are generally the same for bars
with rib face angles greater than 30^, provided that the bond index and surface conditions
are the same. Bond index values of between 0.05 and 0.10 have been found to ensure a
good compromise of ultimate bond strength, splitting ability and service performance.
3.4.2

Concrete quality

Concrete quality is a very important factor in the performance of a good bond. Concrete
quality does not simply refer to strength but it also refers to technological aspects related
to concrete casting. Bond action results from the localised pressure underneath the ribs of
reinforcement. It is important therefore that the concrete in the vicinity of the ribs can
allow this pressure to develop through a dense mortar. Bond performances are best in
horizontal bars placed close to the bottom of the formwork and in vertical bars loaded
against the casting direction. At these locations the ribs push against a dense mortar. The
opposite is true for horizontal bars placed well above the bottom of the formwork as
water micro bubbles get stuck underneath the bar and a more porous mortar results.
3.4.3

Environmental effects

The two main environmentally induced conditions that may influence the bond between
concrete and steel reinforcing bars include:
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Bar rusting
Steel when exposed in the atmosphere develops a thin coating of brown iron oxide
commonly known as rust. If left exposed the iron oxide continues to grow until scales
begin to flake off at the surface. Rusting does not impair bond properties and some
researchers believe it may even improve it. When reinforcing bars are placed inside
concrete (an alkaline environment), the high pH value of the cement surrounding the bars
allows a thin passive film of iron oxide to develop around the bars that reduces the rate of
corrosion to a very low and harmless level.

Chloride attack
Concrete is quite a porous material. Admixtures such as air entraining agents can help to
reduce the level of porosity but it cannot be removed all together. Chloride ions and gases
such as oxygen and water can penetrate through the porous concrete surface. Once the
ions reach the steel, the chloride ions destabilise the film of oxide protecting the bars and
corrosion occurs. The products of corrosion occupy a volume several times larger than
the original steel so as these products form, cracking occurs in the concrete; this is
sometimes known as spalling (see Figure 3.10). The cracking allows more corrosive
agents to ingress towards the steel increasing the rate of the process. Corrosion reduces
the load carrying capacity of steel bars as it reduces their cross sectional area.
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3.5

Anchorage BS 8110-r

Anchorage is the embedment of a bar in concrete so that it can carry load through bond
between the steel and concrete’. A typical pull out test on a steel bar is shown in Figure
3.11. If sufficient embedment of the steel bar in the concrete is provided, then the full
strength of the bar can be developed by bond. Bond and anchorage are eovered in BS
8110-1 clause 3.12.8. Anchorage bond stress is assumed to be constant over the effective
anchorage length in BS 8110.

Assuming a constant bond stress and examining the

equilibrium of the bar in Figure 3.11, the following equation may be formed.

Pulling Force = Resistanee

R-

(3.2)

7T(pJ

where

h

is the bond stress

^v

is the force in the bar or group of bars

/

is the anchorage length

9c

is the effective bar size which, for a single bar is equal to the bar size and
for a group of bars in contact is equal to the diameter of a bar of equivalent
total area.
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I'his is the formula used to calculate the anchorage bond stress in BS 8110 for a straight
bar embedded in concrete. The value obtained from equation 3.2 should not be greater
than:
/*., = /?VT

(3.3)

where

/ta

is the design ultimate bond stress (N/mm )

p

is a coefficient dependent on the bar type obtained from table 3.1,
Bar type

P
Bars in tension

Plain bars
Tj*pe 1: deformed bars
TjTpe 2: deformed bars
Fabric (see 3.12.8.6)

Table 3.1

Bars in compression

0.28
0.40

0.35
0.50

0.50
0.65

0.63
0.81

Values of the bond co-efficient

(Table 3.26 of BS 8110-1)

Values for anchorage and lap lengths (as multipliers of bar diameter) are provided in
Table 3.27 of BS 8110^

The reinforcing bars in the concrete test slab for the balcony connections are made from
T20 high yield type 2 steel. The concrete used in the test slab was C32/40. The
recommended anchorage lengths for high yield type 2 reinforcing bars as obtained from
Table 3.27^ subjected to tension or compression are 35 and 28 times the bar diameter
respectively.

3.6

Behaviour of deformed bars in anchorage regions

The behaviour of a single bar embedded in concrete and subjected to a pull out force, is
well documented in a report by Engstrom et al . In this report a series of tests was
conducted with the aim of studying the anchorage behaviour of ribbed bars. The
inlluence of confinement on the reinforcement in terms of concrete cover and transverse
reinforcement was examined for different anchorage lengths in high strength and normal
strength concrete. This section aims to describe the testing that was carried out by
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Engstrom et al. The results of the tests are also diseussed and the behaviour of deformed
bars in anchorage regions is presented.

3.6.1

Materials

The main reinforcing bar for all test specimens was kept constant throughout testing. A
16 mm ribbed, hot rolled bar of the Swedish type K500 was employed. The steel had a
characteristic yield stress of 500 N/mm and a relative rib area of 0.056. Laboratory
testing of the steel determined stress-strain relationships, and the actual yield stress and
tensile strength were evaluated as 569 N/mm^ and 648 N/mmi^ respectively. Stirrups that
provided transverse reinforcement in some of the test specimens were fabricated from the
same steel material, fhe stirrups were 6 mm in diameter and similar laboratory testing
evaluated a yield stress of 570 N/mm and a tensile strength of 642 N/mm .

The material components and quantities that were used to produce the high strength and
normal strength concrete for testing are shown in fable 3.2.

Material

Normal Strength

High Strength

Component Concrete (kg/m^) Concrete (kg/m^)
Cement

280

500

Water

191

106

Sand

1219

768

Stone

677

954
100

Silica
W/C Ratio

Table 3.2

0.68

0.33

Composition of concrete mixes

Samples were taken from each batch of concrete to conduct a number of tests to
determine material properties. Fracture energy was evaluated from beam tests and was
calculated as 165 N/m for high strength concrete and 110 N/m for normal strength
concrete. Compressive strength for each of the test specimens was evaluated from a series
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of three tests on 150 mm diameter x 300 mm long cylinders. The cylinders, made from
the same concrete batch as the specimen being tested, were tested on the same day of
testing the specimen. Details of the compressive strength results are given in Table 3.3 (at
the end of Section 3.6.2.) The cylinder strengths of normal and high strength concrete
specimens were approximately 30 and 105MPa respectively.
3.6.2

Test specimens

Three different specimen types were manufactured by Engstrom et al to study the
behaviour of deformed bars in anchorage regions. The first type of test specimen
manufactured, type 1, was used to study anchorage behaviour in well confined anchorage
regions. The specimen was cubical, with dimensions of 400 mm x 400 mm x 400 mm and
the reinforcing bar was placed along the centroidal axis. The anchorage length was varied
for the high strength and normal strength concrete. No stirrups were provided. The
concrete cover w^as 192 mm, which is 12 times the bar diameter. A total of 14 type 1
specimens were manufactured for testing, seven high strength concrete and seven normal
strength concrete. Figure 3.12 shows a type 1 specimen set up for testing.

I

Displacement
transducer
Hydraulic Jack

Support beam

Concrete
specimen
Displacement
transducer
Figure 3.12

Sean Carroll
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The second and third types of test specimens manufactured for testing were used to study
anchorage behaviour with a small concrete cover. The reinforcing bar for specimen type
2 was placed in a mid position of a free edge region and in specimen type 3, the
reinforcing bar was placed in a corner region. The anchorage length was kept constant for
these tests; the concrete cover and number of stirrups enclosing the anchored bar were the
parameters that were varied. Figure 3.13 shows test specimens types 2 and 3 set up for
testing.

Series II
Figure 3.13

Test specimen type 2 and test specimen type 3 set up for testing

2

The cross section of specimen types 2 and 3 were the same as specimen type 1 (400 mm
X 400 mm); however a tapered nose was also cast during manufacture as shown in Figure
3.13. The purpose of the nose was to support the specimen when placed in a universal
hydraulic testing machine. The eccentricity of the applied tensile load could be balanced
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through this set up. The resulting stresses transferred from the bar into the concrete are
similar to those in the anchorage region of a reinforced beam. Without the tapered nose,
the corner or edge with the anchored bar would have been pulled off during loading. Full
details of the test specimens are shown in Table 3.3 along with the compressive strengths
that were evaluated for each of the test specimens on the day of testing.
Test

Type of
specimen

H90a
H90b
HI 30a
HI 30b
H170
H210
H250
HI 70m-16-0
H170m-32-0
H170m-16-2a
H170m-16-2b
HI 70m-16-4
HI 70c-16-0
HI 70c-16-2
Hi 70c-16-4
N150a
N150b
N220
N290a
N290b
N360
N500
N290m-I6-0
N290m-32-0
N290m-16-2a
N290m-16-2b
N290in-l6-4
N290C-16-0
N290C-16-2
N290C-16-4

Table 3.3
3.6.3

1
I
I
1
I
I
1
11
11
II
II
II
III
III
Ill
1
I
1
I
1
1
1
11
11
11
11
11
III
111
III

Bar location

ccnlroidal
centroidal
centroidal
centroidal
centroidal
centroidal
centroidal
mid edge
mid edge
mid edge
mid edge
mid edge
comer
comer
comer
centroidal
centroidal
centroidal
centroidal
centroidal
centroidal
centroidal
mid edge
mid edge
mid edge
mid edge
mid edge
comer
comer
comer

Number
of bars

1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2

Concrete
compressive
strength 0
/oUMPa]

Concrete
cover

101.5
103,3
101 5
103.3
101 5
101 5
103.3
110.9
110 9
105 6
105 6
110 9
112 2
112.2
112,2
26 8
29 6
26 8
26 8
30.6
30.6
27 6
28 6
28.6
28.3
28 3
28.6
294
294
294

192
192
192
192
192
192
192
16
32
16
16
16
16
16
16
192
192
192
192
192
192
192
16
32
16
16
16
16
16
16

Number
of stir
rups

c [mm]
No
No
No
No
No
No
No
No
No
24>6

2^6
466
No
266
466
No
No
No
No
No
No
No
No
No
266
266
466
No
266
466

Details of test specimens'

Test Procedure

Testing was carried out between 35 and 40 days after casting. For tests on specimen type
1, the load was applied through a hydraulic jack that was supported via a spreader beam
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on two bearings directly on the face of the specimen. The applied tensile force was
measured by a load gauge as shown in Figure 3.12. Specimens types 2 and 3 were tested
in a universal hydraulic test machine. The loading procedure for all tests was
displacement controlled at the active end of the bar.
3.6.4

Anchorage in well eonfined conerete (Type 1 speeimens)

The anchorage lengths provided for the type 1 test specimens were 90, 130 170, 210 and
250 mm in specimens of high strength concrete. In normal strength concrete the
anchorage lengths provided were 150, 220, 290, 360 and 500 mm. In the test on the
longest anchorage length of 500 mm, the depth of the test specimen had to be increased to
500 mm. Three types of failures were observed for these test specimens. For the tests
with short anchorage lengths, less than 150 mm in high strength concrete and less than
250 mm in normal strength concrete, a pull out failure occurred. The pull out occurred
while the bar was still within the elastic range. For tests with long anchorage lengths,
more than 200 mm in high strength concrete and 300 mm in normal strength concrete, the
steel bar ruptured as the anchorage capacity exceeded the capacity of the bar. For the
intermediate anchorage lengths, 170 mm in high strength concrete and 290 mm in normal
strength concrete, the anchorage was able to resist the yield capacity of the bar; however
a pull out failure eventually occurred after considerable plastic deformation during strain
hardening of the bars. Figure 3.14 shows the distribution of tensile force along the bars.
Tensile force
[kN]

Influence of embedment length

— N220
-^N290a
— N500
H90b
H170
H210
--- H250

Figure 3.14
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In the legend of Figure 3.14, the letter refers to high strength (H) or normal strength
eoncrete (N) and the number refers to the anchorage length provided. The horizontal axis
begins at zero on the left hand side of the graph, which represents the loaded “active”
face of the type 1 test specimens. The distances along the reinforcing bars are given with
reference to the active end. The tensile force along the anchored bars was evaluated from
strain measurements at strategic locations along the length of the bars. For the same
embedded length, the anchorage capacity of the high strength concrete specimens was
approximately twice that of normal strength concrete specimens. Boundary effects can
also be identified from the graphs. Close to the loaded active end of the bar, it appears
(from the flatter slope of the graph) in many of the specimens that the bond was not fully
effective. The slope of the graph representing the longest anchorage length (N500) also
indicates that the steel to concrete interface at the passive end of the bar was not fully
strained at the maximum load. For the segment of the reinforcing bars within the elastic
range it appears that the tensile force varied almost linearly along the reinforcing bar.

In the case of pull-out failures, either before of after yielding, Engstrom et al. observed
that the steel bar appeared to be sliding along a cylindrical crack plane along the tips of
the ribs. A local failure cone was formed in the concrete around the bar at the active end.
When the bar was pulled out of the specimen, concrete still remained between the ribs.
The depth of the failure cone was measured for all test specimens. The average value was
1.65 times the bar diameter for normal strength concrete and 1.68 times the bar diameter
for high strength concrete. The failure developed in the same way for both types of
concrete. No visible signs of splitting cracks were observed on the outside faces of the
test specimens during testing.

Due to the local conic failure, the effective transfer length of the concrete specimens was
reduced during testing. For the tests with pull-out failures, the average bond stresses at
the maximum load along the reduced transfer length are as shown in Table 3.4. Average
bond strength appears to be proportional to the square root of the concrete compressive
strength.
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Test
specimen

N150a
Nl50b
N220
N290a
N290b
average
H90a
H90b
HI 30a
H130b
H170
average
Table 3.4

3.6.5

Concrete
strength

Final
transfer
length

Maximum
load

Average
bond
stress

fee

^b.red

N
max

T m,max

[MPa]
26.8
29.6
26.8
26.8
30.6

[mm]
125
125
185
260
260

[kN]
47.5
35.9

[MPa]
7.55
5.71

66 J

IM

102.8
126.7

7.87
9.69

101.5
103.3
101.5
103.3
101.5

70
60
100
105
145

75.8
75.6
94.2
78.5
116.4

21.5
25,1
18.7
14.9
16.0

X mjnax

X

‘Jfee

fee

1.46
l.,05
1.39
1.52
1.75
1.43
2.13
2.47
1.86
1.47
1.59
1.90

0.282
0.193
0.268
0.294
0.317
0.271
0.212
0.243
0.184
0.144
0.158
0.188

Maximum load and average bond stress in the type 1 specimens^

Anchorage in lightly confined concrete (Type 2 and 3 specimens)

For most of the tests on specimen types 2 and 3, two or four stirrups of 6 mm in diameter
were distributed along the embedment length enclosing the main reinforcement. The
cover was equal to the bar diameter for these specimens. In a number of the tests on
specimen type 2, the main reinforcement was anchored in plain concrete with no stirrups.
The concrete cover for these specimens was one or two times the bar diameter. The
anchorage length chosen for the specimens was 170 mm for high strength concrete and
290 mm for normal strength concrete. These anchorage lengths were chosen to enable the
steel bar to reach its yield capacity; however the lengths would not be sufficient to allow
the steel to rupture. The anchorage lengths were kept constant for these tests. The effects
of concrete cover and transverse reinforcement were the parameters being investigated.
Figure 3.15 illustrates the positioning of stirrups along the two anchorage lengths for tests
with two and four stirrups respectively.
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- 290

= 290

60
/^= 170

C

170

130
30
70
100

70

□
Figure 3.15

Placement of stirrups along the embedment length^

Tests on the type 2 specimens, with one bar placed in the middle region at an edge
surface produced a longitudinal splitting crack along the bar in all test specimens. The
length/width of the splitting cracks increased as the load was increased. Transverse cracks
also developed during the tests. These cracks were inclined and developed in the
direction towards the loaded end. Figure 3.16 illustrates the typical cracking patterns that
were observed for normal and high strength concrete type 2 specimens. It was noted that
for the tests with stirrups included, the positioning of the stirrups influenced the
transverse cracking.

The anchorage capacity of the type 2 specimens was quite similar to that of the well
confined type 1 specimens. At the maximum tensile load, an abrupt anchorage failure
occurred resulting in a sudden drop in the tensile force. The behaviour after maximum
load therefore was quite different to the type 1 specimens. Figures 3.17 and 3.18 illustrate
graphs of tensile load versus slip for normal and high strength concrete type 2 specimens
respectively. The behaviour of the type 1 test specimens for the same anchorage length is
also included for comparison. In the legend of Figures 3.17 and 3.18, the m stands for
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mid position at an edge, the first number refers to concrete cover and the second number
refers to the number of stirrups.

Figure 3.16

Cracking patterns observed for normal and high strength type 2
samples^

Tensile force
[kN]

N290

— m-16-0
— m-32-0
..... n>16-2a
— m-16-2b
— m-16-4
----N290a
— -N290b

Loaded end-slip [mm]
Figure 3.17

Relationship between tensile force and end slip for normal strength
concrete type 1 and 2 specimens
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Tensile force
[kN]

H170

— nvl6-0
—.... - m-32-0
m-16-2a
— m-16-2b
---- m-16-4
---- HI70

Loaded end-slip [mm]

Figure 3.18

Relationship between tensile force and end slip for high strength
concrete type 1 and 2 specimens^

As illustrated in the foree versus slip graphs, reducing the concrete cover or confinement
did not significantly affect the anchorage capacity. For the normal strength concrete type
2 specimens, when the concrete cover was one bar diameter without stirrups or with two
stirrups, the anchorage capacity was reduced by approximately 10% compared to the well
confined type 1 specimens. When four stirrups were included with a cover of one bar
diameter or when the cover was two bar diameters with no stirrups, the anchorage
capacity was approximately the same as the anchorage capacity of the well confined type
1 specimens.

The high strength concrete type 2 specimens appeared to be more sensitive to a reduction
in confinement. The anchorage capacity was reduced by approximately 25% compared to
type 1 specimens when a cover of one bar diameter was provided with no stirrups. When
two stirrups were provided, one test showed no increased capacity relative to the type 1
specimen; however a second identical test did show an increased capacity. The anchorage
capacity appeared to be the same as the type 1 specimens when four stirrups were
provided along the anchorage length with a cover equal to the bar diameter. When no
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stirrups were provided and the cover was increased to twice the bar diameter, similar
results were observed to the well confined type 1 specimens.
The main difference in the type 2 specimens with a reduced concrete cover was the more
brittle behaviour and small residual capacity in the post peak stage. Type 1 specimens
with the reinforcing bar placed in large confinement had a much more ductile behaviour
during the pull out frictional mode, with a residual capacity that decreased gradually.

In the type 3 test specimens, two main reinforcing bars were placed in the corner regions.
The observed cracking patterns were similar to those for the type 2 specimens with
longitudinal cracks developing along the bars. Transverse cracks appeared at both sides
of each loaded corner region. As the maximum tensile force was approached, the
transverse cracks from either side Joined to form a combined system of cracks. Figure
3.19 illustrates typical observed cracking patterns in normal strength and high strength
concrete test specimens.

'N-.

Figure 3.19

V

.5-^

Cracking patterns observed for normal strength and high strength
concrete type 3 specimens^
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The anchorage capacity of the type 3 specimens was grealduced in comparison with
the well confined type 1 specimens and the mid position t2 specimens. Figures 3.20
and 3.21 illustrate the relationship between tensile foand slip for the type 3
specimens. Type 1 specimen results are included for corson. In the legend of the
aforementioned figures, c refers to placement of reinforce] in the corner regions, the
first number refers to the cover and the second number reto the number of stirrups.
At the maximum applied load there was a sudden dra tensile force, which is
associated with an abrupt anchorage failure. The corner res of the specimens began
to fall apart when the bars were forced to slip further. Fonimens with no transverse
reinforcement the anchorage capacity was reduced by aximately 55% in normal
strength concrete (Figure 3.20) and by approximately 60-'in high strength concrete
(Figure 3.21) in comparison with to the well confined type . specimens.

Tensile force
[kN]

N290

......c-16-0
—-c-16-2
---- c-16-4
— N290a
— • N290b

Loaded end-slip [mm]
Figure 3.20

Relationship between tensile force and eiip for normal strength
concrete type 3 specimens
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Tensile force

HI 70

im

.... c-16-0
-- c-16-2
— c-16-4
— HI 70

Loaded end-slip [mm]

Figure 3.21

Relationship between tensile force and ei slip for high strength
concrete type 3 specimens

2

Stirrups improved the anchorage capacity of the bars. For noal strength concrete with
four transverse stirrups, the anchorage capacity was reduced hpproximately 35-40% in
comparison with the type 1 specimens. For high strength co:ete, the same amount of
transverse reinforcement resulted in a reduced anchorage cajity of approximately 1015% in comparison with the type 1 specimens. As the anorage length of the high
strength concrete (170 mm) was less than the normal strength ncrete (290 mm), stirrups
had a closer spacing on the shorter anchorage length (see Fire 3.15). The anchorage
capacity of specimens in lightly confined concrete suggests thhe number of transverse
reinforcing bars, as well as their spacing, influences the results

The behaviour of the type 3 specimens with stirrups in the st peak stage showed an
increased residual capacity in comparison with the type specimens. Transverse
reinforcement in corners appears to have a more positive inence than at a mid edge
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position. This is most likely due to the fact that the legs of the stirrups extend around both
edges at a corner.
3.6.6

Conclusion

Anchorage behaviour is influenced by a number of factors. The strength of the concrete
has a large influence. Higher strength concrete can sustain bond stress values almost
twice as large as normal strength concrete.

Where yielding occurs along the segment of a bar, bond stress is reduced. Yielding will
most often occur close to the active end of a bar. Where the force in an anchored bar is
within the elastic range, an almost linear distribution of force may be assumed as the
force is transferred along the bar away from the active face. This is reflected in BS 8110
where the distribution of force along an anchored bar is assumed to be constant.

The level of confinement has a strong influence on the post peak behaviour of an
anchored bar as well as its anchorage capacity. Large confinement produces a more
ductile behaviour during pull-out frictional mode, with a residual capacity that decreases
gradually. Reinforcing bars placed in corner regions have a much reduced anchorage
capacity in comparison with similar bars placed in a mid edge region.
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4.0

LUSAS Finite Element Analysis

4.1

Introduction

Finite element analysis is a numerical technique quite suited for use in computer
packages for solving a system of governing equations over a continuous physical system.
The technique may be used by engineers, mathematicians and scientists to analyse
problems involving electro-magnetic fields, acoustics, heat flow, soil mechanics and fluid
mechanics. The field of continuum mechanics provides the governing equations in the
context of structural engineering.

LUSAS (London University Structural Analysis System) is a structural analysis system
that uses finite element analysis techniques to provide accurate solutions to all types of
linear and non linear stress, dynamic and thermal field problems. The objective of this
chapter is to provide an introduction to the finite element method of analysis. An
overview of the LUSAS structural analysis software that was used to model the balcony
connections is also presented.

4.2

Fundamentals of Finite Element Analysis

The basis of finite element analysis is the division of a body into discrete connected parts
called finite elements. The basic premise of the finite element method is that a solution
region (i.e. a model) can be analysed or approximated by replacing the region with a
finite number of discrete elements. In a continuum problem of any dimension, the field
variable (temperature, stress, displacement or any quantity) possesses infinitely many
values because it is a function of each generic point in the body or solution region. The
finite element method reduces the problem to one of a finite number of unknowns by
dividing the solution region into elements and expressing the unknown field variable in
terms of assumed approximating functions within each element^.
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Consider a body such as that shown in Figure 4.1 in which the distribution of an unknown
variable such as displacement is required. The body is first divided up into finite
elements, which are connected at nodes as shown in Figure 4.2. Nodes are usually located
at the corners or sides of elements but may also be located within elements. The shape of
each finite element is defined by the co-ordinates of its nodes. The process of dividing the
loaded body into discrete elements is known as discretisation and the pattern of elements
is known as the mesh. Finite elements may be one, two or three dimensional as shown in
Figure 4.3, depending on the structure being analysed and the anticipated behaviour.

Figure 4.1

Loaded two dimensional body (2-d eontinuum)

Node

Figure 4.2
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ID

2D

2D

A

3D

Figure 4.3

One, two and three dimensional finite elements*’

Once an appropriate element shape and mesh have been chosen (usually based on the
experienee and judgement of the person carrying out the analysis), an assumption is made
about the way in which the field variable varies across an element. This is done by
establishing interpolation functions. The interpolation functions are chosen to represent
the variation of the field variable across an element and are defined in terms of the field
variable. In an elastic analysis of a 2-d continuum as shown in Figure 4.1, the simplest
assumption is that particle displacements vary linearly with position, which gives strains
that are constant across the element. Polynomials are usually chosen as interpolation
functions as they are easy to integrate and differentiate.

Although the elements are conneeted at an infinite number of points around their
boundaries, the analysis assumes that they are only interconnected at their nodes. Thus,
compatibility of displacements is only ensured at the nodal points. However, in the finite
element method, a displacement pattern is chosen for each element that may satisfy some
if not all of the compatibility requirements along the sides of adjacent elements'^.
Generally the higher the order of the interpolation functions (i.e. parabolic or cubic), the

Sean Carroll

78

4 - LUSAS Finite Element Analysis

greater the possibility of securing a closer approximation to the exact behaviour; however
it also leads to greater complexity in the problem and a greater computational effort is
required.

Once the interpolation functions have been chosen, the field variable for the continuum is
approximated in terms of discrete values at the nodes. The nodal values of the field
variable and the interpolation functions for the elements completely define the behaviour
of the field variable within the elements. A system of equations is formed which
establishes a relationship between the forces applied to the nodes of a single element and
the nodal displacements produced by them. For problems in stress analysis, the forcedisplacement or stiffness characteristics of each individual element are found and then all
the individual elements are assembled together to find the stiffness of the structure as
whole. This is the defining feature of the finite element method that sets it apart from
other numerical methods. It is the ability to formulate solutions for individual elements
before assembling them together to represent the entire structure.

The element equations or element properties may be obtained in a number of ways as
described in section 4.4; however the equations for a particular type of element and for a
specific type of problem generally have the same format. It is just a matter of substituting
the nodal co-ordinates, material properties and loading conditions of the elements into the
general format. The individual element equations are assembled in a process known as
assembly to obtain the system equations, which then describe the behaviour of the body
as a whole. These generally take the form:

{F} =

(4.1)

where {f} is the vector of the applied nodal forces, [a^] is the stiffness matrix and

is

the vector of unknown nodal displacements. To find the displacements developed by a
given force, the relationship is inverted and so the equation becomes:
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(4.2)

Before the equation is solved, boundary conditions must be applied to constrain the body
from performing unlimited rigid body motion.

Depending on the structure being analysed, it is not uncommon to have up to 50,000
equations and thus [a] cannot simply be inverted. Fortunately F] is banded and
techniques have been developed to store and solve equations efficiently. After solving for
the unknown nodal values, it is then possible to use these displacements to find the strains
and then the element stresses.

As a simple example to illustrate the fundamentals of the finite element method, section
4.3 shows the derivation of the element stiffness matrix for a simple 2-d triangular
element in a plane stress situation. It should be noted that this is a very simple and
straight forward finite element problem. For more complex 3-d structures the process is
more complicated.
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4.2.1

Summary of Steps in the Finite Element Method

The whole process may be summarised as:

Sean Carroll

81

4 - LUSAS Finite Element Analysis

4.3

Triangular element in plane stress

The basic steps in the derivation of the element stiffness matrix for a 2-d triangular
element of a thin plate experiencing plane stress are now presented. Consider the element
connected by nodes 1, 2, and 3 that are labelled in an anticlockwise direetion as shown in
Figure 4.4. This is a two dimensional triangular element typical of that used in plane
stress problems.

Fx2, U2

Figure 4.4

A 2-d triangular finite element in plane stress.

The displacement at any point (x, y) in the triangle has two components, u and v in the x
and y directions respectively. For a plane elastieity problem, where only displacements
in the plane are of interest, an element has two degrees of freedom at each node as shown
in Figure 4.4 giving a total of six degrees of freedom (ui, vi, U2, V2, us, and V3) for the
triangular element. The corresponding nodal forces are (Fxi, Fyi, Fx2, Fy2, Fxs, and Fys). In
matrix form, the six displacement eomponents eollected together form the nodal
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displacement veetor {^jjand the six nodal force components collected together form the
nodal force vector {f}. The complete displacement and foree veetors for the triangular
element may be written as:

w,
'T,}'
Uj

> = <

(4.3)

2

{^■2}

F
Fx2
^2

(4.4)

,{^3},

Fv3

3

The nodal displacements will distort the element with the result that all the points within
the element will be displaced. An assumption must be made about the way in which the
displacement (u, v) varies across the element. In general, two dimensional displacement
patterns may be expressed in the form of two linear polynomials of the type shown:

u = «, +
V=

^2

X + (^3 y

+ OTj X +

y

(4.5)

The equations in (4.5) are known as the interpolation funetions and define the way in
which displacement varies across the element. For simplicity, a linear distribution has
been chosen here. Coefficients cr, to

are eonstants for the partieular element that are

yet to be determined. At node 1 therefore:

u, = or, + 6^2 X, + a3 y,
V, =
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Similar equations may be described for the other two nodes and the six equations may be
shown in matrix form as:

■<

"l

X,

0

0

1

X2

^2
U,

0
1

C’3 .

0

^1
^2

> =

T,
0

0

0

o'

1

X,

0

0

0

T2
0

T,
0

1

X2

^3
0

T3
0

0

0

T2
0

1

^3

•f3.

^2
y

<

(4.7)

L a.0 j

or

{s] = [c] {«}

(4.8)

This may be rearranged to give the coefficients a in terms of the displacements and will
enable the constants cr, to

to be obtained in terms of the coordinates of the nodal

points and the nodal displacements.

{“} =

[<^1''

By matrix manipulation of[c],

(4.9)

[c]

may be written as

0

[C]

- = T
2a

0

0

0

^2

0

0

0

C2

0

0

cr,

0

a.

a

(4.10)

0

c,
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where

a,

=(X2 ^3

-

Gi

=(X3

- X, xO

X3

y^)

yi - ^lyi)
2a = ((7, +

^ =iy2 - Xi)

c,

=(jr3

-

Xj)

K

- x)

‘■2 = (^ - %)

h =(x - yi)

C, =(.’^2 - ^1)

+ (73) = 2(area of element)

The next step is to obtain an expression for the strains in the element as a function of its
geometry and assumed nodal displacements. The strains in the element may be
determined from the displacements. For 2-d plane stress analysis, the only strains of
interest are those in the x-y plane, which for small displacements are given by:

du

dv

= a-

— =

oy

y.y

0^6

=

dv

du

ox

dy

=

^3

+

«5

(4.11)

Expressing equations (4.11) in matrix form:

or,

>

=

'0

1

0

0

0

0"

0

0

0

0

0

1

0

0

1

0

1

0

a~
a.
a,
a.
a.

(4.12)

or

{e} = [//]{«}
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Combining equations 4.9 and 4.13

(4.14)

Multiplying the matrices gives

= [b] {^}

(4.15)

where

0

hj

Q

0

c,

0

c.

C]

/^i

C2

[B] =

0
0

c.

^3

'^3

(4.16)

The next step is to generate the stress-strain relationship. For a two dimensional linear
elastic element, the stresses and strains are related by the following equations:

O'. =

(4.17)

vl-F
E ^
U-v

(4.18)

E
7.
2{\ + v)'"^

(4.19)

^

In matrix form these equations may be expressed as:

ri

<7

E

( =------V

0
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or in short hand form

{o-} =[£)]{£}

(4.21)

where [Z)] expresses the material properties of the element. Now combining equations
(4.21) and (4.15) gives

{a} = [DiBp}

(4.22)

The next step involves determining the forces at the nodes caused by the stress {cr}. The
effects of the external forces and stresses on the triangular element are shown in Figure
4.5.

Figure 4.5
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Note that for plane stress

D

1

y

y

1

0

0

0

iA)
2

(4.23)

Assuming the thiekness of the element to be /, the force on the left hand side of the
element shown in Figure 4.5 due to the direct stress is (-- F)) • This force is
assumed to be shared equally by nodes 1 and 3 and so substituting in hj for(y3 -y,):

(4.24)

This is one component of the force at nodes 1 and 3. The shear stresses at the top and
bottom of the element as well as the direct stress on the right hand side of the element
also contribute. Considering the right hand side of the element between nodes 1 and 2, the
force to be shared is

~ Ti)) •

(4.25)

The force at node 1 due to the shear stresses will comprise contributions from face 1-3
and face 1-2.

V(‘^2 + Cl) =

(4.26)

Combining equations (4.24), (4.25) and (4.26) gives:
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Pxi

t
^
= --{yy -yi+yi-yzK + ^'(^3 - ^1 +

- ^2)

(4.27)
= -^(^3 ->’2K +^'(^3 -^2)

F^i, F^2 ?

can be obtained similarly for both the x and y directions. The results can be

expressed in matrix form as

[F]=[2¥]{ff}

where

M=4

(4.28)

h,I

0

0

c

*'1

hj

0

Cj

0

C2

/>2

0

C3

C3

^3

0

(4.29)

Equation (4.28) can be combined with equation (4.22) to give

(4.30)

which can be written as:

(4.31)

where

[k] = [m\d\b]

(4.32)

From this {^j}can be calculated and then {cr} can be determined using equation 4.22.
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This example has illustrated how the element stiffness matrix for a triangular element in
plane stress is assembled; the same principles can be extended to other shaped elements
of other shapes and situations where there is a nonlinear variation of displacement within
an element. Quadrilateral shaped elements were used to model the balcony connections
in chapter 7.
4.3.1

Deriving element properties

The key step in the derivation of any stiffness matrix is to write equilibrium equations
that relate the nodal displacements to nodal forces. As previously discussed there are a
variety of ways that the properties of individual elements may be formulated. Three
different approaches are considered here. The first approach to obtaining element
properties is called the direct approach as its origin is traceable to the direct stiffness
method of structural engineering^. This method can only be used for relatively simple
problems and so is limited in its application. A more versatile approach that has its basis
in mathematics is known as the weighted residuals approach. The method of weighted
residuals is widely used to derive element properties for non-structural applications such
as heat transfer and fluid mechanics^. The element properties are derived from the
governing differential equations.

A third method, known as the variational approach may be used for obtaining element
properties. The variational approach relies on the calculus of variations and involves
extremizing a functional. For problems based on solid mechanics, the functional is the
potential energy, the complementary energy or some variant of these^ For a more
detailed review of the different finite element procedures, reference should be made to
publications (2, 5 and 12) listed at the end of this chapter.
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4.4

Nonlinear Finite Element Analysis

Linear finite element analysis assumes that all materials are linear elastic in behaviour
and that deformations are small enough to not significantly affect the overall behaviour of
the structure'. All derivations and explanations in relation to finite element analysis thus
far in this report are based on this theory. All real world situations are to a certain extent
nonlinear and may require a nonlinear analysis. Three sources of nonlinearity are
commonly considered in engineering problems:

1. Geometry nonlinearity,
2. Boundary condition nonlinearity,
3. Material nonlinearity.

The need for nonlinear analysis depends on the structural significance of these effects. In
many cases with a few restrictions and safe assumptions, linear analysis suffices for many
engineering problems.
4.4.1

Geometry Nonlinearity

Geometric nonlinearities arise from significant changes in the structural configuration
during loading. They are most often associated with large deflections, rotations and/or
strains.

For a simply supported beam as shown in Figure 4.6(a), a linear solution would predict
the familiar simply supported bending moment and zero axial force. In reality as the
beam deforms, its length increases and an axial component of force is introduced.
For a loaded strut as shown in Figure 4.6(b), a linear solution would fail to consider the
progressive eccentricity of the vertical load on the bending moment in the member.

Sean Carroll

91

4 - LUSAS Finite Element Analysis

(a)

/

(b)
Figure 4.6

(a) Simply supported beam, (b) Loaded Strut*

For these two examples, depending on the magnitude of the deflection, errors could be
introduced in the analysis if the effects of nonlinear geometry were neglected.
4.4.2

Boundary Nonlinearity

Boundary condition nonlinearities arise from modifications to the restraints during the
analysis. Modifications to the external restraints result from deformations such as lift off
supports or smooth and frictional contact. Nonlinear boundary conditions depend on the
deformation of the structure. An important application is in contact problems where the
displacement is dependent on the relationship between two contact surfaces.
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4.4.3

Material Nonlinearity

Materially nonlinear effeets arise from a nonlinear constitutive relationship (i.e. stress strain relationship). Common examples of nonlinear material behaviour are:

> Plastic yielding of metals,
> Ductile fracture of granular composites such as concrete,
> Time dependent behaviour such as creep.

Material response is assumed to be initially linear until a yield or a crack point. After this
point the material may follow an elastoplastic hardening or cracked strain-softening
curve. The degradation of the material alters the stiffness of the structure and hence
induces the nonlinearity. Figure 4.7 shows general load displacement curves for nonlinear
materials.

Figure 4.7 General nonlinear curves for nonlinear materials^
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4.5

Introduction to LUSAS finite element system

LUSAS is a finite element software paekage used to analyse all types of eomplex
structures using linear or non linear analysis. A LUSAS model is graphically represented
by geometry features such as points, lines, surfaces and volumes. The model geometry
may then be sub divided into finite elements, which collectively form the mesh in order
to perform an analysis. Increasing the density of the mesh will result in an increase in the
accuracy of the solution; however, it will also increase the solution time and disk space
required". The LUSAS finite element system consists of:
•

LUSAS Modeller - A fully interactive graphical user interface for
modelling and viewing of results,

•

LUSAS Solver - A powerful finite element analysis system.

A complete finite element analysis using LUSAS involves three stages:

Pre-Processing

I

Finite Element Solving

T
Results-Processing

4.5.1

Pre-processing

Pre-processing involves creating a geometric representation of the structure. LUSAS
Modeller allows the user to create the geometric representation. The geometry features
used to describe the model form a hierarchy comprising volumes, which are enclosed by
surfaces, which are made up of lines, which are defined by points". Attributes are then
used to describe the properties of the model on a ‘define and assign’ basis. An attribute is
defined by creating an attribute dataset that is then subsequently assigned to desired
features. Basic attributes include:
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Mesh - describes the element type and discretisation on the geometry,
Geometric - specifies any relevant geometrical information that is not inherent in
the feature geometry, for example section properties of a beam or thickness of a
plate.
Material - defines the mechanical properties of the material.
Support - specifies how the structure is restrained.
Loading - specifies how the structure is loaded.

The pre-processing stage ends by outputting the information as a formatted data file (.dat)
suitable for processing by LUSAS Solver.
4.5.2

Finite Element Solving

Once a model has been created in LUSAS Modeller, clicking the solve button invokes
LUSAS Solver to begin the analysis. LUSAS Solver solves the stiffness matrix and
produces a results file. The results file may contain some or all of the following,
depending on the particular model:
Stresses
Strains
Strain Energy
Displacements
Velocities

4.5.3

Reactions
Yield Flags
Potentials
Fluxes
Residuals

Results-processing

When an analysis is performed by LUSAS Solver, a results file with a (.mys) extension is
created. By default, the results file is automatically loaded into LUSAS Modeller for
post-processing and visualisation of the results produced in the analysis.

4.6

Element Library

ITere are quite a number of elements available within the LUSAS library. Each element
is suitable for different applications and behaviours. Selection of the appropriate and most
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suitable elements depends upon the anticipated behaviour of the object being modelled as
well as compatibility requirements. Elements are classified into groups according to their
function. Some of the element groups within LUSAS are described in sections 4.6.1 to
4.6.4. The element groups described are used to model the balcony connections in chapter
7. It is felt that a full description of all element groups in LUSAS would be unnecessary
and reference should be made to the LUSAS element reference manual’’ for full details
of all groups.
4.6.1

Bar Elements

Bar elements are most commonly used to model truss structures and reinforcement. These
elements are capable of modelling axial forces only. LUSAS incorporates 2 and 3
dimensional bar elements, which may be either straight or curved. 2-dimensional bar
elements have two degrees of freedom at each node as shown in Figure 4.8 while 3dimensional bar elements have three degrees of freedom at each node.

Elemenx
Varmo

4.6.2

BAR2

BAR3

Beam Elements

Beam elements are most commonly used to model plane and space frame structures.
These elements are capable of modelling axial force, bending and torsional behaviour.
LUSAS incorporates 2 and 3 dimensional beam elements that may be either straight or
curved. 2-dimensional beam elements may have three degrees of freedom at each node.
The particular element shown in Figure 4.9 has three degrees of freedom (u, v and
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dimensional beam elements may have up to six degrees of freedom at each node. The
particular element shown in Figure 4.9 has six degrees of freedom (u, v, w,

Element BEAM
Name

Figure 4.9

4.6.3

0x, 0y, 0z).

Element Name BMS3

2-d beam (X) and 3-d beam (Y) elements

2-D Continuum Elements

2-d continuum elements are used to model solid structures whose behaviour may be
reasonably assumed to be 2-dimensional. Problems in which 2-d continuum elements are
commonly used include plane stress, plane strain and axisymmetric problems. Triangular
and quadrilateral shaped elements are available as shown in Figure 4.10. These elements
generally have two degrees of freedom at each node.

Element TPM3
Name

Figure 4.10
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4.6.4

3-D Continuum Elements

3-d continuum elements are used to model 3-dimensional structures. 3-dimensional stress
fields may be modelled using tetrahedral, pentahedral and hexahedral shaped elements as
sho^^ n in Figure 4.11. These elements generally have 3 degrees of freedom at each node.

ElenuDt >'«n« TEUE

PN(5E

HXaE

X.u
Z.w

Figure 4.11

4.7

Tetrahedral, pentahedral and hexahedral elements

II

Nonlinear Solution Procedures in LUSAS

When stress-strain relationships within a LUSAS problem are nonlinear, the applied load
is broken up into small increments in order to trace the structural response of the
structure. Within each increment, a linear prediction of the nonlinear response is made.
To obtain convergence, subsequent iterative corrections are performed in order to restore
equilibrium by the elimination of the residual or “out of balance” forces’. LUSAS has a
number of iterative procedures available in order to obtain convergence. The iterative
corrections are referred to some form of convergence criteria, which indicate to what
extent an equilibrium state has been achieved. Such a procedure is known as an
incremental-iterative method, whereby an initial load increment is applied and a
corresponding number of iterations is performed to obtain equilibrium as shown in Figure
4.12. For nonlinear solution procedures within LUSAS, there are three types of criteria
that need consideration; the iteration strategy, incremental procedure and termination
criteria’.
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4.7.1

Iteration strategy (Newton-Raphson)

The incremental-iterative solution strategy in LUSAS is based on the Newton-Raphson
technique. In the standard Newton-Raphson procedure as shown in Figure 4.13, an initial
tangent stiffness (/Cj ) is calculated and the incremental load (R) is applied. The initial
tangent stiffness is quite often the only stiffness value that corresponds to the elastic
modulus as subsequent calculations will result in a different value depending on the
degree of nonlinearity. The applied load (R) produces an iterative displacement (a<3' ) that
does not generally lead to force equilibrium and an out of balance force [^(r/')J results. A
new tangent stiffness is then calculated

) and a prediction of the next iterative

displacement is evaluated. The next residual force may then be calculated

and the

procedure is continued until the convergence criteria are satisfied'^. The standard
Newton-Raphson technique was employed in the finite element models created in chapter
7.
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Figure 4.13

Standard Newton-Raphson method 10

Although the standard Newton-Raphson method converges quite rapidly, the continual
manipulation of the stiffness matrix at the start of each iteration is expensive in terms of
calculations and the computational effort. The need for a method that requires less
computational effort has lead to the development of modified Newton-Raphson methods.
In the modified Newton-Raphson methods, the tangent stiffness matrix is not calculated
at the start of each iteration, but is replaced by a previously calculated one. This reduces
the numerical cost as the tangent stiffness matrix does not need to be inverted for each
iteration. The method may be essential for extreme material nonlinearity (e.g. brittle
cracking)
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4.7.2

Iteration strategy (Separate iterative loops)

Convergence problems can occur where both material and contact nonlinearities are
present. Difficulties arise when evaluating material nonlinearities in configurations where
the contact conditions are invalid because the solution is not in equilibrium. In order to
avoid this situation, contact equilibrium can be established using elastic properties from
the previous load increment before the material nonlinearity is resolved. The option to
define ‘separate iterative loops’ is available in the advanced solution strategy dialogue
box within LUSAS'.
4.7.3

Incremental procedures

For Newton-Raphson solution procedures, a constant load level increment procedure is
employed. It is assumed in the Newton-Raphson method that a displacement solution
may be found for a given load increment and that, within each load increment, the load
level remains constant. Such methods are referred to as constant load level increment
procedures'.
For a geometrically nonlinear problem where a snap-through type failure may occur;
there are ‘limit points’ inherent in such a problem. These are points where either
displacement or load reversals oecur leading to a singular or near singular stiffness matrix
and resulting convergence problems . Figure 4.14 illustrates a typical limit point problem,
an assemblage of bars. The load versus displacement response of the strueture when
loaded at its apex is shown in Figure 4.15. A constant load level method used for this
problem will either fail to identify the load shedding portion of the curve shown in Figure
4.15 or just fail to converge at all beyond limit points.
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Load

Figure 4.14

Assemblage of bars
Load

Figure 4.15

Load versus displacement response of the assemblage

Alternative methods of analysis have been established for limit point problems was and
methods such as displacement incrementation and constrained solution methods have
evolved. These are beyond the scope of this report and reference should be made to the
LUSAS reference manual' for details.
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4.7.4

Load incrementation

Load incrementation for nonlinear problems controls how much load is applied in each
load increment. Load incrementation may be applied in one increment only or gradually
over a number of increments and may be specified in four ways:

1. Manual incrementation; where the loading is applied in just one increment.
2. Automatic incrementation; where the loading is applied gradually and is multiplied
by a load factor that may provide either fixed or variable loading increments.
3. Mixed - mixed manual and automatic incrementation.
4. Load curves; where the variation of one or more sets of loading data is specified as a
graph of load factor versus load increment or time step.
Where convergence fails in a specified load increment after the maximum number of
specified iterations (decided by the user) in the nonlinear controls, then the load
increment will be automatically reduced and reapplied. This is called a ‘step reduction’ in
LUSAS and the various parameters involved may be adjusted in the nonlinear controls.
4.7.5

Termination criteria

For manual incrementation, the solution will terminate following the successful execution
of one increment. In automatic incrementation however, the solution progresses at one
nonlinear incremental load step at a time. The end of each increment is controlled by its
termination criteria. Termination may be specified by limiting:
> Maximum applied load factor,
> Maximum number of applied increments,
> Maximum value of a named freedom (i.e. vertical displacement).
If multiple termination criteria are specified, termination will occur on the first criterion
to be satisfied.
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4.8

Material library

When creating a finite element model using LUSAS, the material properties for the
model need to be defined and consequently assigned in order to perform an analysis.
Assigning material properties that accurately represent the ‘real structures’ material
properties is imperative to ensure accurate results may be obtained. A material library
exists within LUSAS where many commonly used materials may be found and can be
assigned to models for use in an elastic analysis. For a nonlinear analysis, a number of
material models are available which can help to represent nonlinear behaviours such as
hardening, damage, plasticity and shrinkage.

4.8.1

Multi Crack Concrete (model 94)

Reinforced concrete is a composite material comprising steel and concrete. Steel has a
compressive strength approximately 10 times that of normal strength concrete and a
tensile strength of approximately 100 times that of normal strength concrete. Due to
different fundamental properties of the two materials, a complex material behaviour
results when the two materials are combined to form reinforced concrete. Some of the
typical characteristics of reinforced concrete behaviour include:

•

Bond slip between the steel and concrete

•

Strain softening and anisotropic elastic degradation (concrete)

•

Nonlinear stress strain relationship (concrete and steel)

•

Progressive cracking induced by tensile stress and strain (concrete)

The magnitude of these effects depends upon the state of stress to which the reinforced
concrete is subjected. In the load versus deflection response of a reinforced concrete
structure, three distinct stages may be identified namely the uncracked linear elastic, the
cracking and the plastic stages. To account for this complex behaviour, LUSAS has a
multi-crack material model (model 94) available for modelling reinforced or plain
concrete structures. The multi-crack material model “is a plastic damage contact model in
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which damage planes form according to a principle stress criterion and then develop as
embedded rough contact planes”*. This model assumes that at any single material point
within the model, there can be a number of permissible cracking directions. A plane of
degradation is formed when the principal stress reaches the fracture stress. The basic
softening curve for the concrete model can be controlled using a fixed softening curve or
through fracture energy dependent on element size’. For reinforced concrete, the fracture
energy dictates the shape of the curve. Figure 4.16 illustrates the shape of a typical
softening curve model for concrete.

Figure 4.16

Typical concrete softening curve’

A large number of material properties may be specified for the concrete model including:

•

Uniaxial compressive strength,

•

Uniaxial tensile strength,

•

Strain at peak uniaxial compression,

•

Fracture energy per unit area.

The multi-crack material model was used for modelling the reinforced concrete slab in
the 3-dimensional finite element models described in chapter 7.
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4.8.2

Stress Potential Model

For linear elastic isotropic materials, Young’s modulus (E) and Poisson’s ratio (v)
describe the behaviour of the material. To account for material nonlinearity in isotopic
materials, LUSAS has incorporated a number of material models to define the nonlinear
behaviour. The stress potential model is one such model used to describe nonlinear
behaviour in isotropic materials. In the stress potential model, nonlinear material
properties applicable to a general multi-axial stress state may be specified including the
yield stress and hardening. Stress potential material models were used to describe the
nonlinear material properties of concrete and steel in the 2-dimensional finite element
models in chapter 7. A 3-dimensional model incorporating stress potential m.aterial
models was also formulated.
4.8.3

Contact

Within LUSAS, node on node contact may be accounted for using joint elements. Joint
elements are used to model flexible or stiff joints between elements. There is a variety of
linear and nonlinear joint elements available within LUSAS capable of modelling elastoplastic hinges, smooth contact or frictional contact.

For arbitrary contact between elements such as at a bolt/plate interface, slidelines may be
used. Slidelines are attributes rather than elements used to model contact or impact
problems. They may also be used to tie dissimilar meshes together. Slidelines are
assigned to a corresponding set of features known as a master and slave. There are a
number of slideline types such as;

•

Null - Used to perform a linear, preliminary analysis,

•

No Friction - Used for contact analysis but ignores friction between connected
parts,

•

Friction - Includes friction analysis at the connected parts,

•

Tie - Used to tie dissimilar meshes together.
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Slidelines were employed to model contact between elements of the balcony assemblies
in chapter 7. Slidelines were assigned at the interface of:

1. The concrete slab and the inside face of the channel
2. The outside face of the channel and the endplate of the balcony bracket
3. The front plate of the balcony bracket and the endplate of the balcony piece
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5.0

The Balcony Bracket Assembly

5.1

Introduction

The aim of this chapter is to give an overview of the balcony bracket assemblies that
were constructed and tested as part of this thesis. The individual components that make
up the balcony assemblies are discussed in detail. Components include the concrete slab,
brackets, bolts, threaded rods and the actual balcony pieces. These are the components
that collectively form the balcony connections. The method used to attach strain gauges
to the reinforcing bars of the concrete slab and to a number of the balcony brackets is also
discussed. The concrete slab that forms the base of the balcony connections was
constructed in the Vision Modular Structures production facility in Ringaskiddy, Co
Cork, Ireland. The slab was transported to the Fleming Construction facility in Bandon,
Co Cork, where assembly of the balcony bracket and testing were carried out.

5.2

Concrete Test Slab

The concrete test slab as shown in Figure 5.1 is 5.3 m wide x 3 m in length and 150 mm
in depth. Parallel flange (PFC) channels align the outside edges around the slab. The
channels are 150 mm x 75 mm x 18 kg/m and run the length of each side of the slab. The
channels provide a base to which the balcony brackets can connect and also function as a
permanent formwork for the slab. The channels are of grade S275 steel. Figure 5.1 shows
a plan view of the reinforced concrete test slab. Detail A (Figure 5.2) shows a typical
cross section of the test slab where a bracket is to be attached. It shows a 10 mm bearing
plate fillet welded to the outside face of the channel. The bearing plate has four 26 mm
diameter holes to facilitate bolting of the balcony bracket that is to be connected. The
bearing plate is connected to the outside face of the channel where four 30 mm diameter
holes line up with the holes on the bearing plate.
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Figure 5.1

Sean Carroll

Plan of reinforced concrete test slab (dimensions in mm)
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On the inside face of the channel, four threaded couplers are attached. The couplers are
positioned in the centre of the 30 mm diameter holes of the channel and welded to the
inside face of the bearing plate. The couplers function as a means of connecting the
reinforcing bars in the slab to the bolts and rods of the balcony brackets.
20mm 0 Reinforcement threaded into back of

The main reinforcement at the bracket locations is 20 mm diameter high yield steel. The
T20 reinforcement is threaded into the back of the couplers as shown in Figure 5.3. The
anchorage length of the reinforcement varies from 760 mm to 1150 mm around the slab.
The different anchorage lengths were introduced to compare their performance during
testing.
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A3 93 mesh is placed underneath the bottom reinforcing bars and on top of the top
reinforcing bars. Cover of 35 mm is provided between the bottom of the slab and the
bottom layer of mesh. This cover provides 120 minutes of fire protection.
5.2.1

Construction of the Concrete Test Slab

The channels which align the outside edges of the slab were cut to size and then
positioned to form the outer boundary of the slab. The channels were welded at their
comers and stiffeners were inserted at the corners as shown in Figure 5.4 to close the
sections.

Figure 5.4

Typical connection at the corner of the ehannels

Once the channels were set in position, the bottom layer of mesh was placed. The A393
mesh was positioned on chairs to provide the required cover. The reinforcing bars that
provide anchorage for the connections were then threaded into the back of the couplers as
shown in Figure 5.5. The couplers were welded to the inside face of the bearing plates at
all locations where balcony brackets were to be attached. Another set of chairs was
placed on top of the bottom mesh, this time to help support the top layer of mesh. Having
correctly positioned the reinforcing bars and mesh as shown in Figure 5.6, the slab was
ready for pouring.
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Figure 5.5

Reinforcing bars threaded into the steel couplers of the slab

Figure 5.6

Slab ready for pouring

Grade C32/40 (in accordance with BS EN 206-1 2000 ) was specified as the appropriate
grade of concrete for the slab. The concrete was delivered on site as concrete mixing
facilities were not available. The concrete was poured from the truck and compacted with
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a poker as shown in Figure 5.7. A slump test was carried out on site and the concrete was
found to have a slump of 75 mm. The cement content of the mix was 440 kg/m .

Figure 5.7
5.2.2

Concrete slab being poured and compacted

Concrete cubes

Sixteen concrete cubes were taken as the concrete slab was being poured. The cubes were
taken to check the strength of the concrete as it cured. Four cubes at a time were tested at
1, 3, 7 and 28 days after pouring of the concrete. The lowest recorded result for the 28
day strength ot the concrete was 43.2 N/mm . which was above the required design
strength value of 40 N/mm . The results for all of the cube tests are shown in Figure 5.8.

Concrete Cube Strength

□ Sample A
■ Sample B

Strength

□ Sample C

N/mm'

□ Sample D

Day 1

Day 3

Day 7

Day 28

Time
Figure 5.8
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5.3

The brackets

The brackets for the balcony connections are shown in Figure 5.9. Starting at the top left
hand comer and moving in a clockwise direction, the photographs display a side, front,
end and plan view of the brackets. An Ml 8 bolt is also displayed in the pictures for
scaling purposes. Construction of the particular shape of the brackets is achieved by
welding a number of specifically sized plates together. The plates are connected using 6
mm fillet welds. The short thick plate at the end of the brackets connects to the bearing
plate on the face of the channel.

Figure 5.9

Balcony brackets as viewed from side, front, plan and end

This short plate is 170 mm x 75 mm x 25 mm and has two 20 mm diameter holes as
shown in Figure 5.9. Two Ml8 grade 8.8 bolts thread through this plate to connect the
bracket directly to the bearing plate on the face of channel. The front plate of the bracket
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consists of a 170 mm x 145 mm x 15 mm plate. This plate has four 20 mm diameter holes
to allow fixing of the balcony piece to the bracket. Dimensioned drawings of the balcony
bracket details are shown in Figure 5.10

Figure 5.10

Balcony bracket details (dimensions in mm)

The drawings are in the same order as the photographs shown in Figure 5.9. Starting at
the top left hand corner and moving in a cloekwise direction the drawings inelude a side,
front, end and plan view of the baleony brackets.
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5.3.1

Assembling the brackets

The slab was exposed to weather while it was being constructed and so rust had started to
build up around the exposed steel of the channels, bearing plate and in particular the
threads of the bolt holes as shown in Figure 5.11. Before any brackets were attached, the
threads of the bolt holes were sprayed with a lubricating agent (WD 40) and re-dyed to
ease assembly of the connections. Figure 5.11 shows the threads of the bolt holes before
and after they were re-dyed.

Figure 5.11

Bolt holes of bearing plate before and after dying

Having re-dyed the threads of the
bolt holes, two 100 mm long steel
rods were threaded into the bottom
holes of the bearing plate as shown
in Figure 5.12. The rods were
threaded through the holes of the
bearing plate, channel and inside the
couplers

until

they

met

the

reinforcement in the slab inside the
couplers.

The

rods

were

then

Figure 5.12

Rods threaded into bolt holes

tightened to spanner tight conditions.
The endplate of the balcony brackets was fitted through these two rods and connected
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using nuts and washers as shown in Figure 5.13. The nuts were tightened to spanner tight
conditions.

Figure 5.13

Balcony bracket connected to bearing plate

To secure the brackets to the bearing plates of the channels, two more threaded rods were
employed. The two rods were threaded through the top holes on the front plate of the
brackets. Two sets of nuts and washers were then fitted to each of the threaded rods
before threading the rods into the top holes of the bearing plates. One of the nuts was
tightened against the face of the bearing plate and the other nut was tightened up against
the back of the bracket frontplate as shown in Figure 5.14. The assembly was tightened to
spanner tight conditions once more. The threaded rods of the connections are 18 mm in
diameter and made from grade 8.8 steel.

Figure 5.14
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Bracket connection detail
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5.4

Balcony Piece

The balcony piece was the final part of the structure to be attached to complete the
balcony connection. The function of the balcony piece is to provide the platform from
which loads can be supported. The plan of the balcony piece is shown in Figure 5.15.

Figure 5.15

Plan of the balcony piece to be connected to double bracket
(dimensions in mm)

The balcony piece is 1457 mm long. This particular piece is designed to attach onto two
test brackets. A 15 mm thick and 800 mm long endplate was welded to the back of the
balcony piece (Figure 5.15). Two 127 x 76 UB sections align the outside edges of the
balcony piece. Bearing stiffeners were inserted at a number of locations on the UB
sections. Downward loads were applied at the stiffeners located 1168 mm from the
endplate and the upward loads were applied at the stiffeners located 747 mm from the
endplate. Four 60 x 60 x 6 rolled steel angle sections are welded to the piece as shown in
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Figure 5.15. The angles are positioned flush with the top (the UB sections and enhance
stability in the balcony piece. A 180 x 90 PFC is welded tche front of the balcony piece.
Sections A-A and B-B of Figure 5.15 are shown in Figur5.16. Section A-A shows the
endplate of the balcony piece as viewed from the front. Hht slotted holes are provided
in the endplate to facilitate insertion of the threaded bolts id rods. Section B-B shows a
side view of the PFC at the front of the balcony piece, wo stiffeners are inserted at
either side of the PFC. The stiffeners of the PFC line up vh the edges of the flanges of
the UB sections as shown in Figure 5.15.

Figure 5.16

Front view of balcony piece endplate (A-^ Side view of PFC (B-B)
(dimensions in mm)

A similar section was also constructed for testing single brkets. It should be noted that
the balcony bracket is the bracket connected to the slab vile the balcony piece is the
platform connected to the bracket.
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5.4.1

Assembling the balcony piece

The threaded rods that pass through the top holes of the bracket front plates also past
through the top holes at the back of the balcony piece endplate as shown in Figure 5.17.
A nut and washer was used to secure the connection to spanner tight conditions. Ml8
grade 8.8 bolts were threaded through the bottom holes of the bracket front plate and
through the bottom holes at the back of the balcony piece endplate. A nut and washer
were used once again to secure the connection. A gantry crane was used to position the
balcony piece in front of the brackets (see Figure 5.18) to enable the elements to be
assembled.

Figure 5.17

Interface of bracket and balcony piece connection

Figure 5.18

Positioning of the balcony piece

Sean Carroll

121

5 - Balcony Bracket Assemblies

5.5

Strain Gauges

In an attempt to gather as much information as possible when testing, and in order to fully
understand the behaviour of the balcony bracket assemblies, a number of strain gauges
were employed. The majority of the strain gauges were attached to the reinforcing bars
inside the concrete; a number were also attached to the threaded rods and steel brackets of
the balcony assemblies. The strain gauges that were used were bonded wire gauges. The
gauges were set up in a quarter bridge format as shown in Figure 5.19. This is a very
simple arrangemicnt whereby a Wheatstone bridge is set up. The Wheatstone bridge is
excited with a stable dc (direct current) supply, which is provided from the strain meter.
When the circuit is balanced the precision voltmeter in the centre of the circuit will show
no readings. When the circuit becomes imbalanced due to the resistance of the strain
gauge changing (i.e. when the gauge is straining), the precision voltmeter measures the
unbalance and strain is measured by the degree of imbalance. An output voltage is
obtained from the voltmeter which is proportional to the change in resistance (i.e the
change in strain). The strain meter also allows the strain to be read directly though a
digital display.

strain gauge

Figure 5.19
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Quarter bridge circuit^
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5.5.1

Method used to attach strain gauges to the reinforcement

p"

The first step in attaching a strain
gauge is to prepare the surface to
which the gauge is to be attached.
A smooth and clean surface is
required to ensure that a good
bond forms between the strain
gauge and the specimen. The
position where a strain gauge was
to be placed was marked. The
ribs of the bar were then removed
using a grinder. As little steel
was removed as possible to
ensure that the cross sectional
area

of

the

significantly

bar

was

affected.

not
A

polishing head was then attached
to the grinder to help smooth the
surface of the bar. Figure 5.20
shows the three main steps in
preparing the surface of the
rebar. Finally, acetone was used
to clean the surface where the
gauge was to attach with some
industrial tissue. Cleaning was
continued until a new cloth was
contamination free after cleaning.
Figure 5.20
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Once the surface was prepared, a

■;ui.
1. -1-

! . I

.i..^ ^ it - ^

1 2 3 4 5 6

strain gauge could be attached.
‘

The gauges were removed from
their

paekaging

and

a

thin

uniform layer of adhesive was
applied to the baek of the gauges.
A gauge was then placed at the
correct location on the prepared
surface and a polyethylene sheet
plaeed over it so that a small
^ amount of finger pressure could
be applied until the adhesive set.
The whole operation had to be
carried out quite quiekly as the
adhesive was quick setting. The
gauges

were

attached

with

adhesive taking care to ensure
that they were uniformly bonded
to the specimens along their
entire length. A terminal was
then attached to the bar close to
the gauge. The terminal provided
a base onto which the wires of
the

strain

gauge

could

be

connected to the lead wires.
Figure 5.21 shows a strain gauge
Figure 5.21

Attaching a strain gauge

and terminal being attached. The
thin wires of the strain gauge

were soldered onto either side of the terminal. Next the lead wires were attached to the
opposite side of the terminal by soldering. The gauges were then tested by connecting

Sean Carroll

124

5 - Balconv Bracket Assemblies

them to the strain meter and temporarily stressing the bar. This was carried out to ensure
that the gauges were working correctly; any gauges that were not working correctly were
removed and the process was repeated. Figure 5.22 shows a strain gauge correctly
attached to the reinforcing bar and ready for reading strain.

Figure 5.22

Strain gauge attached to rebar

Strain gauges were also applied to the top of the threaded rods and to the bottom of the
steel brackets. The procedure for attaching gauges to the threaded rods was the same as
employed for attaching gauges to the reinforcement. Figure 5.23 shows a strain gauge
attached to a threaded rod of one of the balcony connections.

Figure 5.23
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Strain gauge attached to threaded rods of the balcony assemblies
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When attaching gauges to the bottom of the steel brackets, no steel was removed. The
polishing head for the grinder was employed to smooth the surface instead and then the
gauges were applied as normal. Figure 5.24 shows a strain gauge attached to the bottom
of a steel bracket.

Figure 5.24

5.5.2

Strain gauge attaehed to the bottom of a bracket

Strain gauge protection

In order to record straining in the reinforcing bars of the slab, the strain gauges had to be
protected. Strain gauges by their nature are very delicate measuring instruments and if
subjected to any form of impact they may not work correctly. The most obvious concern
was that when the concrete was being poured, the gauges may be damaged and would be
of no further use. The water in the concrete was also a concern as it could also adversely
affect the gauges. For gauges that were outside the concrete slab on the brackets and
threaded rods, no protection was necessary. A number of protection methods were
considered including varnish, silicone, wax and heat shrinking tape. A small scale trial
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slab was constructed to compare the performance of different proteetion methods as
shown in Figure 5.25.

Figure 5.25

Small scale test slab

As shown in Figure 5.25, eight bars with strain gauges attached were set in a conerete
trial slab. The coloured tape on the end of the bars refers to the type of proteetion on the
given bar. Table 5.1 details the different types of protection employed.

Tape Colour

Protection

Red

Tape and varnish only

Blue

Tape, varnish and silieone

Yellow

Tape, varnish, silicone and wax

Black

Tape varnish and wax

Table 5.1
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The bars were loaded individually and the corresponding strains read. One of the red
colour bars gave no readings and so that option was deemed to be the least favourable. In
deciding which one of the remaining three methods to use, the ease of installation and the
size of the protection were the deciding factors. The greater the area of the bars that was
covered with protecting material, the more the anchorage length of the bars would be
affected. A good bond between the reinforcement and the concrete is essential in order to
transfer the forces in the reinforcement into the concrete. The varnish, silicone and heat
shrinking tape were deemed to be the most favourable option.
5.5.3

Method of protecting the strain gauges

A layer of varnish was applied on to the surfaces of the strain gauges; after it had set
another layer was applied. Silicone was then spread out on top of the gauges uniformly as
shown in Figure 5.26.

Figure 5.26

Spreading varnish and silicone on top of strain gauges

Heat shrinking tape was then wrapped around the silicone and strain gauges. The tape
was extended 10 mm beyond the smoothed area in each direction. The heat shrinking tape
does not have an adhesive surface. A heat gun was used to bond the tape onto the bars.
Figure 5.27 shows the heat shrinking tape before and after the heat gun was applied.
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Figure 5.27

Heat shrink tape applied to the rebar of the slab

As shown in Figure 5.27, the ribs of the bars were still exposed on the underside of the
bar. This protection arrangement had the least amount of impact on the anchorage and
bond between the concrete and the rebar.
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6.0

Testing

6.1

Introduction

The testing method in this report is based on the BRE publieation entitled “Guidanee for
engineers eonducting statie load tests on building structures” . Load testing of structures
or structural components is primarily conducted to aid in the understanding of the actual
behaviour of the structure, establish a proven load capacity and provide a degree of
assurance for its future use". It is important that the method used in loading any structure
reflects the actual load environment to which the structure will be subjected while in
service. The aim of this chapter is to outline the method used in testing the balcony
connections. Also discussed are the construction of the testing platform and the
equipment used for testing.

6.2

Testing platform

The first objective with regard to testing was to establish how the calculated design loads
could be effectively applied to the balcony bracket assemblies in order to obtain the
required results. The method proposed was developed in association with Vision Modular
Structures and was deemed to be the most practical solution. The proposed method
involved essentially creating a steel table upon which the concrete slab was to rest. Two
support members (universal columns) were then attached directly to the underside of the
steel table as shown in Figure 6.1. These support members were connected together by
channels at either end so that they lay parallel and a fixed distance apart and protruded
out past the edge of the table. The reaction frame (see Figure 6.2) was then bolted to the
top flanges of the support members. The cross member of the reaction frame provided the
base against which a jack could act to apply downward loads. As most of the brackets
were to be tested in pairs, a spreader beam was included to spread the load from the jack
onto the two balcony brackets.
Of the eleven bracket arrangements to be tested, eight were to be loaded vertically
downwards and so the aforementioned loading system was required. For the remaining
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brackets that were to be loaded vertically upwards, a less complicated arrangement
sufficed. This arrangement consisted of a beam laid on the floor and parallel to the side of
the slab being tested. Once positioned at the correct distance out from the slab, this beam
would provide the base required by the jack to apply loads vertically upwards. The
spreader beam was placed under the balcony section this time, again to distribute the
loads evenly.
6.2.1

Design of the Testing Platform

After deciding upon the most suitable type of testing platform system, it had to be
designed. Figure 6.1 shows the arrangement of the testing platform.
Steel Table

The concrete test slab rests on top of the steel table. The reaetion frame, which connects
to the top flanges of the support members, is shown in Figure 6.2. Member sizes for the
testing platform and frame assembly were established having first calculated the loading
to be applied to the balcony brackets. A particular aspect that required consideration was
how the two reaction frame supporting members were to be attached to the underside of
the steel table that supported the concrete slab. Welding was considered; however as the
frame assembly would have to be moved each time a new set of brackets were to be
tested, it would not have been very practical. Girder clamps were deemed to be the most
practical solution as they could be moved with relative ease.
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Figure 6.2

Side view of reaction frame assembly connected to support members

Figure 6.3 shows a front view of the reaetion frame assembly. For elarity, the steel table,
upon which the test slab rests, has been omitted along with the two channels tying the
supporting beams together.
1604

Figure 6.3

Sean Carroll

Front view of reaction frame assembly (dimensions in mm)
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6.2.2

Construction of the testing platform
The

steel

table

upon

which the

concrete slab rests is manufactured
from 203 x 203 x 46 UC's. In order to
reduce

cost

and

reuse

material,

previously used sections were used to
construct the table. The table top is 5.3
m long X 3 m wide and consists of two
5.3 m sections and two 3 m sections,
welded together to form the rectangular
Figure 6.4

Slab resting on steel table

base upon which the slab rests. The
table legs are fabricated from the same

UC sections and are welded to the underside of the table top. Base plates are welded to
the ends of the supporting legs as shown in Figure 6.4. The two members that attach
underneath the steel table and extend
out to support the reaction frame are
made from 254 x 254 x 73 UC
sections. The members are connected
together by two channels that are
welded at either end. Packing was
placed

underneath

the

supporting

members as shown in Figure 6.5. The
girder clamp assembly as shown in
Figure 6.6 enables the reaction frame
Figure 6.5

Reaction frame support

supporting members to be connected to

the underside of the steel table. The girder clamps were tightened to a predetermined
torque of 69 Nm. At this torque, the safe working load of the connection is 23.2 kN in
tension, which gives a factor of safety of 5.
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Figure 6.6

Girder clamp assembly

Location plates were placed beneath the steel table o of the support members for the
reaction frame as shown in Figure 6.7. The clamps* threaded through holes in the
loeation plates to seeure the support members to the.Tside of the steel table. A total
of sixteen clamps were used to conneet the support rrers to the underside of the table,
four clamps per location plate.

Figure 6.7

Girder clamps

Having secured the reaction frame support membershe underside of the table with
girder elamps, the reaction frame was ready for mng. Using a gantry crane, the
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reaction frame was placed on top of the supporting members. M20 grade 8.8 bolts were
used to connect the frame to the top of the supporting members as shown in Figure 6.8.

Figure 6.8

Reaction frame secured to its supporting members

The reaction frame is constructed from 152 x 152 x 23 UC sections. The frame details are
as shown in Figure 6.9. The cross member at the top of the frame was welded to the
supporting legs of the frame with 6 mm fillet welds. Base plates were welded to the ends
of the supporting legs to enable the frame to be bolted into position on top of the
supporting members. M20 grade 8.8 bolts were used to secure the frame to the support
members. The bolts were tightened to spanner tight conditions.
1604
1300
152

TI
6mm Fillet Weld
140
900

lA

254
!

Figure 6.9
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Having bolted the reaction frame to the support members, the spreader beam was the last
member to be mounted prior to testing. Figure 6.10 shows the reaction frame assembly
ready for use.

Figure 6.10

6.3

Reaction frame assembly set up for testing

Testing Methodology

Before any testing could commence, a definitive testing regime had to be established. The
success of the testing would rely on a consistent, systematic and reliable methodology
that took into account a number of important factors such as:

1. The safety of those carrying out the load tests and those working in the
environment.
2. The loading to be applied to the structure and how it reflects the actual load
environment that the structure will experience while in service.
3. What the objectives of the test are, what results are required and how they may
best be realised?
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6.3.1

Loading (Static or Dynamic)

The loading regime to be adopted for a load test must reflect the load environment of the
stmcture being tested. The most obvious question with regard to the loading environment
is whether it is to be treated as static or dynamic. In reality, all structures and loads are
dynamic in nature, and the static response states are special cases within the dynamic
spectra . For simplicity however, a structure or structural component may be considered
to be behaving statically if its response to a particular loading can be predicted by
considering the magnitude of the loads, the properties of the materials and the geometry
of the structure alone . Static loads were applied to the balcony brackets.
6.3.2

Bedding in Loads

Depending on the type of construction, structural material and the magnitude of the actual
test load, bedding in loads may be required. The objective of applying these loads is to
settle the structure on its supports. Bedding-in loads release any frictional restraints that
may have developed during construction or as in this case, assembly of the balcony
brackets.

The need for bedding in loads can be illustrated by considering the behaviour of a single
bolt in shear. Figure 6.11 shows the load-displacement graph for such a connection; it can
be seen that at low load levels, a large deflection can occur as the bolt slips into bearing.
The cause of the slippage is a direct result of bolt holes having a larger diameter than the
bolts themselves in order to facilitate insertion. To eliminate the effect of joint slip, it is
necessary to pre-load the joint before proceeding with testing'^.
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Figure 6.11

Behaviour of a single bearing boit in shear^

A structure can be considered to be satisfactorily bedded in when the residual deflection
on unloading is less than 10% of the deflection caused by the largest applied load .
Bedding-in loads should be applied and removed in at least five equal increments with
the magnitude of the largest load being not greater than the intended future service
loading.
6.3.3

Testing Objective

The main objective with regard to testing was to gather as much test information as
possible in order to aid in the understanding of the actual behaviour of the structure. The
performance of the structure in the serviceability and ultimate limit states was to be
examined. The structure was also to be loaded to failure (or to the largest load that could
safely be applied). Calculated design loads for the ultimate and serviceability limit states
were established from hand calculations as shown in Appendix D. These values were
based on the loadings that the structure will experience while in service and the
maximum anticipated loading that the structure may be expected to resist before yielding.
The loading values and their points of application are as shown in Figure 6.12.

Sean Carroll

140

6 - Testing

ULS = 6 kN
SLS = 3.8 kN
1.41 Im from channel face

Figure 6.12

ULS and SLS loading values and application locations

As these values included factors of safety, it was expected that they were probably
conservative. The objective once all the data had been collected was to establish design
values for:
1. the load at which the allowable deflection (Length/180) occurred,
2. the load at which yielding commenced in the connections.

6.3.4

Recording Data

Data recorded from testing included strain at the various strain gauge locations and
deflections at strategic locations along the balcony bracket assemblies. The strains were
manually read through a strain meter at each incremental load applied and removed.
Deflections were also manually read from a number of mechanical and digital deflection
gauges at each incremental load applied and removed. As all data were being read
manually, it was important to develop a systematic approach to recording data. Data
sheets were compiled with separate sections for deflections, strains and observations. It
was felt that potential errors in logging the data could be greatly reduced by following a
systematic approach. The optimum positioning of available deflection gauges was of
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great importance in order to obtain good data. The digital gauges read to two decimal
places and the mechanical gauges could be read correct to three decimal places. The more
sensitive mechanical gauges therefore were placed at locations where little movement
was expected. The digital gauges which had longer measuring needles were placed at
locations where greater movement was expected. Figure 6.13 shows the specific locations
of the deflection gauges for a left and right hand test bracket. (The left and right hand
brackets refer to the positions of the two legs/arms of the double bracket when viewed
from the front).

X
Figure 6.13

Y

Deflection gauge locations for a left (X) and right (Y) hand bracket

For the double bracket tests, eleven deflection gauges were employed as shown in Figure
6.13. Seven were positioned at the left hand bracket and four were positioned at the right
hand bracket. Each deflection gauge location was lettered for data collection. Figure 6.14
shows the deflection gauge locations for a left hand bracket, while Figure 6.15 shows the
deflection gauge locations for a right hand bracket.
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Gauge
A
B
C
D
E
F
G

Figure 6.14

A
B
C
D

Sean Carroll

Vertical deflection at channel
Vertical deflection at end of bracket
Vertical deflection of balcony at loading position
Horizontal deflection of brackets
Horizontal deflection at the top of channel
Vertical deflection at start of balcony
Horizontal deflection at bottom of channel

Left hand side bracket deflection locations

Gauge

Figure 6.15

Deflection

Deflection
Horizontal deflection at the top of channel
Vertical deflection at end of bracket
Vertical deflection of balcony at loading position
Horizontal deflection of brackets

Right hand side bracket deflection locations
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Reference should be made to Figures 6.14 and 6.15 when reading further sections on
deflection results. This will help to locate the exact position of the deflection gauge being
considered. Observations in terms of cracking and visible signs of yielding were also
noted. Paint was applied to some of the webs of the brackets and pictures were taken
before and after loading to establish whether a yielding pattern could be identified during
the failure cycle.

6.4

Testing Procedure

Whether a single or double bracket was being tested or whether an upward or downward
load was to be applied, the testing procedure was consistent for every test. Setting up for
testing was the first objective each time a new location was being tested. The reaction
frame assembly was correctly positioned at the desired testing location. The deflection
gauges were correctly positioned around the assembly. Time was spent to ensure that the
deflection gauge needles were perpendicular to the surface being measured. The strain
gauge meter was set up to the correct settings and the strain gauge lead wires were
connected. The strain gauges were checked to ensure they were all functioning. The jack
and load cell were correctly positioned on the spreader beam and checked to ensure that
the load was being applied at the correct distance out from the channel. Having
systematically set up at the test location, the bracket assembly was ready for testing. Each
test location had four loading cycles applied. The cycles were applied in the following
order.
1. Bedding in,
2. Serviceability,
3. Ultimate,
4. Failure.
The serviceability cycle was applied twice at all test locations.
6.4.1

Bedding in load cycle

A bedding in cycle was applied to ensure that the structure was settled on its supports and
that any frictional restraints that had developed were removed. No strain readings were
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recorded for this cycle, just deflections. The cycle was applied and removed in 5 equal
increments with the largest load applied being not greater than the service loading. Each
deflection gauge location was examined carefully to ensure that the residual deflection
when the load was removed was less than 10% of the deflection recorded for the
maximum load. Table 6.1 details the various bedding in loads applied for the various
tests.
Beddini? in Load kN

Downward Loading
Double Bracket

0

1

2

Single Bracket

0

0.5

1

Double Bracket

4

5

4

3

2

1

0

2

2.5

2

1.5

1

0.5

0.5

1.2

0.8

0.4

0

Bedding in Load kN

Upward Loading

Table 6.1

1.5

0

0.4

0.8

1.2

1.6

2

1.6

Bedding in Loads

If any of the results were not within the limit then the cycle was repeated. This was quite
a frequent occurrence during testing. Vertical deflection locations were consistently
within the 10% criteria with the rare exception. Horizontal deflections, in particular at the
channel face, gave quite a bit of difficulty. The movement at these locations was very
small, sometimes as little as .002 mm. If the deflection gauge did not go back exactly to
where it started then the result would not be within the required criteria. Every attempt
was made to ensure that these locations were within the specified limits; however because
of the minute movement involved it was not always possible.
6.4.2

Serviceability Cycle

The purpose of this test was to establish whether the structure had the ability to perform
satisfactorily while in service. Strain and deflection readings were recorded for this
loading cycle. The loading was applied incrementally as shown in Table 6.2.
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Serviceability Cycle kN

Downward Loading
Double Bracket

0

1.5

Single Bracket

0

0.7

1.4

4.4

6

7.6

6

4.4

3

1.5

0

2.1

2.8

3.8

2.8

2.1

1.4

0.7

0

1.2

0.6

0

Serviceability Cycle kN

Upward Loading
0

Double Bracket

Table 6.2

0.6

1.2

1.8

2.4

3.2

2.4

1.8

Serviceability Loads

The serviceability cycle was applied twice at all test locations. A typical example of
deflection gauge results for a downward serviceability cycle at a double bracket test
location is as shown in Table 6.3. The deflection gauge results are for the left hand
bracket.
Load P (kN)
Defection Gauge Location
Defection Gauge l.ocation
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location

Defection Gauge Location
Defection Gauge l.ocation
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location

A
B
C
D
E
F
G
Load P (kN)

A
B
C
D
E
F
G

0
0
0
0
0
0
0
0

1.5
0.001
0.284
2.27
0.06
0.032
0.319
-0.002

0
-0.004
0.018
0.1
-0.01
0.002
0.019
0.002

1.5
0.006
0.337
2.59
0.09
0.027
0.359
0

Loading
3
4.4
0.011
0.023
0.558
0.809
4.44
6.42
0.22
0.14
0.072
0.051
0.87
0.61
-0.004 -0.005
Unloading
4.4
3
0.031
0.02
0.874
0.62
6.76
4.79
0.24
0.17
0.052
0.072
0.658
0.918
-0.003 -0.004

6
0.041
1.097
8.67
0.3
0.093
1.169
-0.006
6
0.049
1.144
8.9
0.34
0.093
1.307
-0.005

7.6 Max Del
0.059
0.059
1.384
1.384 mm
10.86 mm
10.86
0.4
0.4 mm
0.113
0.113 mm
1.469 mm
1.469
-0.007 -0.007

mm
mm
mm
mm
mm
mm
mm

Table 6.3 Typical deflection gauge results for a serviceability cycle (test location 6)

The load versus deflection graphs illustrated in Figure 6.16 display the results of Table
6.3. As shown in the graphs the structure behaves linearly elastically during the
serviceability cycle with no permanent deformations. The horizontal deflection at the top
of the channel at Location A is outwards, away from the concrete face. The horizontal
deflection at the bottom of the channel at Location G is inwards, towards the concrete
face. All vertical deflections are downwards with the greatest occurring at Location C,
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which was at the point of application of the load. No visible signs of craeking in the
concrete or yielding of the steel components was observed.
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Location C

Loading
Unloading

Location D

-♦— Loading
Unloading

Deflection mm

Location E

Loading
Unloading

0.02

0.04

0.06

0.08

0.1

0.12

Deflection mm
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Location G

-♦—Loading
Unloading

Deflection mm

Figure 6.16

Graphs of load versus deflection for a serviceability cycle (test
location 6)

6.4.3

Ultimate Design Load Cycle

The objective of this test was to observe the behaviour of the structure during the ultimate
design load cycle. Strain and defection readings were recorded. The load was applied and
removed incrementally as shown in Table 6.4.
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Ultimate Cycle kN

Downward Loading
Double Bracket

0

2

4.4

Single Bracket

0

1

2.2

6

Table 6.4

10

11.9

10

8

6

4.4

2

0

4

5

6

5

4

3

2.2

1

0

4.5

3.6

2.7

1.8

1.9

0

Ultimate Cycle kN

Upward Loading
0

Double Bracket

8

0.9

1.8

2.7

3.6

4.5

5.3

Ultimate Design Loads

A typical example of defleetion gauge results for a downward ultimate design load eycle
at a double braeket loeation is as shown in Table 6.5. The deflection gauge results are for
a left hand bracket.

LoadP(kN)
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Deftx;tion Gauge l.ocation
Defection Gauge Location
Defection Gauge Location

A
B
C
D
E
F
G

0
0
0
0
0
0
0
0

Loading
Pressure Loss
4.4
2
0.008 0.028
0.361
0.801
2.88
6.32
0.09
0.21
0.036 0.066
0.409
0.86
-0.002
-0.01

6
6.1
0.046
1.101
8.65
0.31
0.094
1.177
-0.01

7.9
8
0.066
1.44
11.29
0.42
0.116
1.524
-0.014

9.6
10
0.083
1.871
14.55
0.54
0.146
2.159
-0.017

6
0.053
1.436
10.82
0.44
0.118
1.504
-0.009

7.9
8
0.073
1.789
13.51
0.53
0.145
1.86
-0.01

9.9
10
0.088
2.111
16.11
0.65
0.164
2.209
-0.011

11.9 Max Del
0.106 mm
0.106
2.361 mm
2.361
18.18 mm
18.18
0.73
0.73 mm
0.177 0.177 mm
2.48
2.48 mm
-0.018 -0.018 mm

Unloading
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location

Table 6.5

Load P (kN)

A
B
C
D
E
F
G

0
0.006
0.213
1.51
0.05
0.017
0.219
0.001

2
0.018
0.673
4.96
0.19
0.055
0.708
0.001

4.4
0.037
1.133
8.49
0.33
0.094
1.194
-0.007

mm
mm
mm
mm
mm
mm
mm

Typical deflection gauge results for an ultimate load cycle

As shown in Table 6.5, pressure loss was also noted. Each time a load was applied to or
removed from the strueture; all the defleetion gauge and strain gauge readings were
reeorded. It was observed that in the time taken to reeord this data that a loss of pressure
ensued in some cases. This was most prevalent at large applied loads (loads greater than
SLS). The load versus deflection graphs in Figure 6.17 display the results shown in Table
6.5. The graphs show a eertain amount of residual defleetion when the loading was
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removed. This would indicate that during this loading cycle, the structure has indeed
undergone some permanent deformation and a certain amount of yielding has occurred.
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Location C

■ Loading
Unloading

Location D

Loading
Unloading

Location E

Loading
Unloading
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Location G

Loading
Unloading

Deflection mm

Figure 6.17 Load versus deflection graphs for an ultimate design load cycle (test
location 6)

As the load was increased during this cycle, the deflection gauges were continuously
monitored to ensure that enough travel was available on the needles as the structure
deflected. The deflection gauges at location C had to be adjusted as the load was applied
and removed since the needles were not long enough to record this deflection. Figure
6.18 shows the deflected shape of a double bracket test at the maximum ultimate loading.
A level was placed on top of the balcony section at this load to help in visualising the
amount of vertical displacement.
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Figure 6.18

Deflection of the balcony section at maximum load in Ultimate Egn
Load cycle (test location 7)

6.4.4

Failure Cycle

I'he purpose of this cycle was to load the structure to the point where one of the elents
in the connections (brackets, bolts, rods, etc) or concrete would fail. Failure wasver
achieved however as the deflection at the point of loading became so great that flack
became unsafe as it was close to the point of slipping. This was a danger to pons
carrying out the testing and in the working environment. The pressure loss was verrge
also and so it became increasingly difficult to apply the desired loads. By the time age
load increment was applied, the load cell reader would almost immediately be sho^g a
loss of pressure before any readings were taken. Loadings for this loading cyckere
applied incrementally up to a maximum load as shown in Table 6.6. The maximunad
applied was deemed to be that value where the jack was still stable and able tosist
slipping. There were a few locations where a slightly larger load than the ma>um
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shown in Table 6.6 was applied. The loading was removed in one ste] gradually
releasing the pressure in the jaek.

Failure Cycle kN

Downward Loading
Double Bracket
Single Bracket
Upward Loading
Double Bracket

Table 6.6

0
0

2
1

o|

1 5|

4.4
2.2

6
3

8
4

10
5

12
6

14
7

16
8

18
9

22
11

0
0

Failure Cycle kN
|

3|

4 5|

6|

7 5|

9| 10 5|

13| 14 5|

17.5| 19 sf

Failure Loads

A typical example of deflection gauge readings for a downward failure cyt a double
bracket location is as shown in fable 6.7. The deflection gauge results are i left hand
bracket.

Pressure L
Load P (kN)
Defection Gauge Location
Defection Gauge Location
Defection Gauge I.ocation
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location

A
B
C
D
E
F
G

Load P (kN)
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location
Defection Gauge Location

Table 6.7

A
B
C
D
E
F
G

9.9 11.'3.8
5.9
7.9
8
10
1 14
2
6
0
4.5
0 0.002 0.02 0.031 0.051 0.066 0.09111 mm
0 0.32 0.716 0.936 1.242 1.552 1.86191 mm
9.97 12.47 14.95.77 mm
0 2.55 5.65 7.51
0 0.09
0.2 0.28 0.38 0.48
0.L73 mm
0 0.033 0.066 0.08 0.101 0.126 0.15206 mm
0 0.358 0.761 1.009 1.339 1.679 2.00959 mm
0
-0
-0 -0.01 -0.01 -0.01 -0.0318 mm

16
0.141
2.602
20.16
0.89
0.27
2.81
0.044

22
0
18
20
0.162 0.18 0.201 0.011
3.84 4.561 0.811
3.101
24.29 29.35 34.88
1.13
1.38
1.71
0.25
0.1
0.351
0.45 0.54
3.409 4.144 4.918 0.899
0.074 0.118 0.092 0.051

Max Deflectit
0.111 mm
2.191 mm
16.77 mm
0.73 mm
0.206 mm
2.359 mm
0.018 mm

Typical deflection gauge results for a Failure Cycle (test lion 6)

The load versus deflection graphs of Figure 6.19 display the results in Table
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Location A

Loading
Unloading

Location B

Loading
Unloading

Location C

Loading
Unloading
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Figure 6.19

Graphs of load versus deflection for a failure cycle (test location 6)

Figure 6.20 shows the deflected shape of a double bracket test at the maximum loading
(22 kN). Again, a level was placed on top of the bracket to aid in visualising the vertical
displacement. At this level of displacement, the base of the jack was no longer in full
contact with the spreader beam. Only a small portion of the base was in contact and so
the jack was on the point of slipping and it was not safe to continue.

Figure 6.20

Deflection of balcony section at maximum load in failure cycle (test
location 7)
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At the maximum applied load, hairline cracks appeared at the interface of the channel and
the concrete and a small gap at the interface between the bracket and the balcony piece
became visible as shown in Figure 6.21.

.r J

k4

^ V »*:-

X
Figure 6.21

Y

Hair line cracking (X) and a gap between bracket and balcony (Y)

Paint was applied to the webs of some of the steel brackets in an attempt to identify a
yielding pattern in the brackets. Figure 6.22 shows the web of a balcony bracket before
and after loading respectively.

X
Figure 6.22

Sean Carroll
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Web of balcony bracket before (X) and after loading (Y)
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As shown in Figure 6.22, flaking of the paint in the lower seetion of the web was
observed. This was due to loeal yielding at this loeation due to a large eompressive
bending stress. Strain gauges were applied to the bottom of the braekets at two locations
(8 and 9). The strains recorded at the maximum applied load during the failure cycle (11
kN per bracket) at these locations were 1001 Ip and 7870p for test locations 8 and 9
respectively. The difference between these strain readings can be partly attributed to the
possibility that the gauges were placed at slightly different locations on the bracket. The
variation of strain on the bracket web is evident form the LUSAS results as shown in
Figure 7.32 and Figure 7.33.

It was also observed that after a failure cycle had been applied, that the nuts that had
been tightened up against the back of the balcony bracket front plates became loose.

6.5

Test locations around the concrete test slab

Figure 6.23 illustrates the test locations around the concrete slab. The locations with blue
mesh were loaded vertically downward and the locations with orange mesh were loaded
vertically upwards. The numbers indicate the sequence in which the testing was carried
out. At test location 11 a different experimental type of bracket was attached. Results
from testing at test location 11 are presented separately in Section 6.9 at the end of this
chapter. Sections 6.6 to 6.8 discuss and compare the results from testing the balcony
brackets described in chapter 5. The results for all test locations (including test location
11) are presented in a CD in appendix A.
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Test 1

Test 4

Test 1

Test 6

Figure 6.23

Sean Carroll

Test locations around the concrete slab (dimensions in mm)
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6.6

Test results

This section aims to compare the results of similar tests in an attempt to derive design
values for:
1. the load at which the allowable serviceability deflection due to the imposed load
only occurred (Length/180).
2. the load at which the onset of yielding occurred in the connections.

In order to derive accurate design values for these loads, reference was made to IS EN
1990: 2002', “Basis of Structural Design”. Guidance on testing and interpretation of test
data is provided within this code for engineers conducting load tests.
6.6.1

Allowable deflection

BS 5950-1:2002 recommends an allowable deflection for a cantilever beam due to the
imposed load as length/180. For the balcony connections therefore, the deflection at the
point of application of the load (point C) should be less than 7.84 mm to satisfy the
recommended serviceability deflection. The results for deflection at the point of
application of the load for brackets loaded vertically downwards are shown in Tables 6.86.14. At each test location, serviceability cycle 1, serviceability cycle 2 and the ultimate
design load cycle results are shown. As the deflection results shown in the
aforementioned tables were recorded while the structure was still within its elastic limit;
it was felt that linear interpolation of the tables would provide sufficiently accurate results
to establish the actual load at which the allowable serviceability deflection was reached.
The load at which the allowable deflection occurred was interpolated for each load cycle
at each test location and is presented at the end of each of the tables.
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Serviceability 1

Load (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

c

Ultimate

Load P (kN)

Defection Gauge Location

c
Serviceability 1
Serviceability 2
Ultimate

Serviceability 1

Load P (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

c

Ultimate

Load P (kN)

Defection Gauge Location

c
Serviceability 1
Serviceability 2
Ultimate

Table 6.8

Load (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

c

Ultimate

Load P (kN)

Defection Gauge Location

c
Serviceability 1
Serviceability 2
Ultimate

Serviceabilitv 1

Load P (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

c

Ultimate

Load P (kN)

Defection Gauge Location

c
Serviceability 1
Serviceability 2
Ultimate

Sean Carroll

0
0
0
0
0
0

Test Location 1 LHS Bracket
1.5
3
4.4
2.3
4.66
6.7
1.5
4.4
3
2.02
4.19
6.25
2
4.4
6
2.72
6.11
8.32
5.19 kN
2.59
5.61 kN
2.80
5.42 kN
2.71
Test Location 1 RHS Bracket
1.5
4.4
3
2.51
4.96
7.05
1.5
4.4
3
2.28
4.63
6.86
2
4.4
6
3.08
6.76
9.12
4.95 kN
2.47
5.16 kN
2.58
5.08 kN
2.54

6
7.6
8.95
11.48 mm
6
7.6
8.35
10.61
8
10
11.08
14.65
per bracket kN
per bracket kN
per bracket kN
6
7.6
9.36
11.96
6
7.6
11.44
9.08
8
10
11.98
15.3S mm
per bracket kN
per bracket kN
per bracket kN

Test location 1 deflection results

Serviceability 1

Table 6.9

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

Test Location 2 LHS Bracket
3
1.5
4.79
2.52
3
1.6
4.35
2.35
4.4
2
2.98
6.55
4.79 kN
5.43 kN
5.21 kN

4.4
5.8
7.7
6.76
9.26
13.08
4.4
6.1
7.6
6.4
8.75
10.95 mm
6
8
10
8.64
11.47
15.09 mm
2.40 per bracket kN
2.72 per bracket kN
2.61 per bracket kN

Test Location 2 RHS Bracket
1.5
3
4.4
5.8
7.7
2.57
5.02
7.13
9.82
13.86 mm
3
4.4
1.6
6.1
7.6
2.27
4.31
6.39
8.81
11.08 mm
2
4.4
6
8
10
2.92
6.57
8.71
11.64
15.43 mm
4.54 kN
2.27 per bracket kN
5.40 kN
2.70 per bracket kN
5.13 kN
2.57 per bracket kN

Test location 2 deflection results
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Serviceability 1

Load P (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

Ultimate

c
Load P (kN)

Defection Gauge Location

c

0
0
0
0
0
0

Serviceability 1
Serviceability 2
Ultimate

Serviceability 1

Load P (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge l.ocation

Ultimate

c
Load P (kN)

Defection Gauge Location

c

0
0
0
0
0
0

Serviceability 1
Serviceability 2
Ultimate

Table 6.10

Load P (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

Ultimate

c
Load P (kN)

Defection Gauge Location

c

0
0
0
0
0
0

Serviceability 1
Serviceability 2
Ultimate

Serviceability 1

Load P (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

Ultimate

c
Load P (kN)

Defection Gauge Location

c
Serviceability 1
Serviceability 2
Ultimate
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4.4
6
7.6
6.3
8.48
10.81
4.4
6
7.6
8.67
6.42
10.86
6.1
8
10
11.29
8.65
14.55 mm
2.76 per bracket kN
2.71 per bracket kN
2.74 per bracket kN

Test Location 6 RHS Bracket
1.5
4.4
3
6
7.6
2.23
4.38
6.42
8.42
10.49
1.5
4.4
3
6
7.6
2.25
4.36
8.52
10.74
6.31
2
4.4
6.1
8
10
2.84
6.27
8.61
11.26
14.66 mm
5.57 kN
2.79 per bracket kN
5.51 kN
2.75 per bracket kN
5.47 kN
2.74 per bracket kN

Test location 6 deflection results

Serviceability 1

Table 6.11

Test Location 6 LHS Bracket
1.5
3
2.14
4.22
1.5
3
2.27
4.44
2
4.4
2.88
6.32
5.52 kN
5.43 kN
5.47 kN

0
0
0
0
0
0

Test Location 7 LHS Bracket
3
4.3
5.9
7.6
1.5
4.24
5.98
8.1
10.22
2.12
4.4
1.5
3
6
7.6
7.89
2.98
5.68
10.43
13.26 mm
4.4
6
8
10
2
7.92
3.82
10.36
13.58
16.86 mm
2.87 per bracket kN
5.74 kN
4.41 kN
2.20 per bracket kN
2.26 per bracket kN
4.52 kN
Test Location 7 RHS Bracket
1.5
3
4.3
5.9
7.6
2.46
4.77
11.12
6.63
8.86
4.4
1.5
3
6
7.6
7.17
9.71
2.55
5.03
12.53
4.4
2
6
8
10
3.32
7.2
16.14 mm
9.63
12.86
5.22 kN
2.61 per bracket kN
4.78 kN
2.39 per bracket kN
4.85 kN
2.42 per bracket kN

Test location 7 deflection results
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Serviceability 1

Load P (kiN)

Defection Gauge Location

Serviceability 2

c
Load P (ki\)

Defection Gauge Location

c

Ultimate

Load P (kN)

Defection Gauge Location

c
Serviceability 1
Serviceability 2
Ultimate

Table 6.12

0
0
0
0
0
0

Load P (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

Ultimate

c
Load P (kN)

Defection Gauge Location

c

0
0
0
0
0
0

Serviceability 1
Serviceability 2
Ultimate

Load P (kiN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

c

Ultimate

Load P (kN)

Defection Gauge Location

c
Serviceability 1
Serviceability 2
Ultimate

Serviceability 1

Load P (kN)

Defection Gauge Location

Serviceability 2

c
Load P (kN)

Defection Gauge Location

c

Ultimate

Load P (kN)

Defection Gauge Location

c
Serviceability 1
Serviceability 2
Ultimate
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3.6
12.21
3.6
11.54 mm
5
15.96

Test Location 9 Single Bracket
0.7
1.4
2.1
1.89
3.69
5.61
0.7
1.4
2.1
2.23
4.24
6.16
1
2.2
3
2.88
6.55
8.33
3.01 per bracket kN
2.64 per bracket kN
2.62 per bracket kN

2.8
7.35
2.8
8.24
4
11.9

3.6
9.23
3.6
10.74
5
15.26 mm

Test location 9 deflection results

Serviceability 1

Table 6.14

2.8
9.68
2.8
8.78
4
12.48

Test location 8 deflection results

Serviceability 1

Table 6.13

Test Location 8 Single Bracket
0.7
1.4
2.1
2.85
5.03
7.45
0.7
1.4
2.1
2.44
4.59
6.86
1
2.2
3
3.47
7.05
9.53
2.25 per bracket kN
2.44 per bracket kN
2.44 per bracket kN

0
0
0
0
0
0

0
0
0
0
0
0

Test Location 10
1.5
2.18
1.5
2.31
2
3.2
5.60 kN
5.21 kN
5.26 kN

LHS Bracket
4.4
3
6
7.6
4.27
6.32
8.4
10.48
4.4
3
6
7.6
4.56
6.53
8.93
11.53
4.4
6
8
10
6.64
11.59
8.88
14.82
2.80 per bracket kN
2.61 per bracket kN
2.63 per bracket kN

Test Location 10
1.5
2.14
1.5
2.22
2
2.68
5.53 kN
5.37 kN
5.79 kN

RHS Bracket
3
4.3
5.9
7.6
4.26
6.31
8.43
10.6 mm
3
4.3
5.9
7.6
4.42
6.34
11.04
8.61
4.4
6
8
10
10.62
5.88
8.01
13.6 mm
2.76 per bracket kN
2.68 per bracket kN
2.90 per bracket kN

Test location 10 deflection results
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For Tables 6.8-6.14, the average load and the standard deviation of the results at which
the recommended deflection of length/180 was reached at the point of application of the
load (C) are shown in Table 6.15.
Average

(Mx)

Standard deviation
Table 6.15

2.61 kN
(Sx)

0.19 kN

Average load at a deflection of length/180 mm and the standard
deviation of the results

6.6.2

Design values (load at allowable deflection)

Annex D (Design assisted by testing) of IS EN 1990:2002' suggests two approaches to
evaluating design values for a single property (X) from test data. Expressions 6.1 and 6.2
use Bayesian procedures where little or no prior testing information is available for the
property being investigated. The expressions lead to results very similar to classical
statistics with confidence levels equal to 0.75'.

The most commonly used statistical methods are known as frequency or classical
methods. Unknown parameters are assumed to be fixed constants for these methods and
probability is defined by using limited relative frequencies. Probabilities are expressed as
objective in classical methods and it is not possible to make probabilistic statements
therefore as the parameters are fixed. Bayesian procedures offer an alternate approach as
parameters are treated as random variables and probabilities are defined as degrees of the
belief that an event is true. Probabilities are subjective therefore using Bayesian methods
o

and probabilistic statements may be made about parameters .

The tables and expressions in the following sections are based on the following
assumptions:
•

All variables follow either a normal or log distribution

•

There is no prior knowledge about the value of the mean.
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Figure 6.24 shows the distribution of test results for the vertical displacement at the point
of application of the load (gauge C).

Distribution of test results for the load at which a deflection of
length/180 occured @ gauge location C

No of Samples
nesting Results

Load kN

Figure 6.24

Distribution of recorded values for the load at which a deflection of
7.84 mm (length/180) occurred at deflection gauge C

1. Assessment via the characteristic value
The design value of a property X may be found using:

ri,

(6.1)

rn,
where

Xd is the design value of a property X
is the design value of the conversion factor
is the partial factor for a material property
is the mean of the n sample results
is the characteristic fractile factor obtained from table D1 of annex D
Vy is the co-efficient of variation o^X (sjm^ ).
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The conversion factor is incorporated to cover all uncertainties in the testing and depends
upon the type of testing and materials tested. A value of 1 was chosen for the tests on the
balcony brackets. The partial factor for a material property was ehosen as 1.05 for steel.
The characteristic fractile factor is obtained from table D1 of IS EN 1990:2002 Annex D,
which is shown here as Table 6.16. The characteristic fractile factor relates the co
efficient of variation of X to the number of test samples n. A value of 1.67 was chosen
for 30 samples.

Vx knoTtii

lx

1
131
-

2
2.01
-

3
1.S9
3.37

4
1.83
2.63

5
1.80
2.33

6
1.77
IIS

S
1.74
2,00

10
1.72
1.92

20
1.6S
1.76

30
1.67
1,73

■3-;

1.64
1.64

uok&oTX’a

Table 6.16

Characteristic fractile factor

for the 5% characteristic value

i; = 0.073 (Sx/Mx from Table 6.15)

Xd

=

— {l - (l .67JC.073)} = 2.18 kN
1.05 ^
^

Using expression 6.1, a design value of 2.18 kN was obtained for the load at which a
deflection of length/180 (7.84 mm) occurred.

2. Direct assessment of the design value for uls verification
I'he design value of a property X may be found using:

Xd = n,m,[\-k,J,\
where

(6.2)

Xd is the design value of a property X
is the design value of the conversion factor

m ^ is the mean of the n sample results
is the co-efficient of variation of X ()

kj,, is the design fractile factor obtained from table D2 of Annex D.
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A conversion factor of 1 was once again chosen again. The value of

kj ^

is obtained from

Table 6.17. A value of 3.13 was chosen for 30 samples.

n
Vy knoT^ti
Vx
UckzMJUTl

Table 6.17

1
4,36

2

3
3.56
-

-

Values of

kj ^

4
3.44
11,40

5
3.37
7.S5

6
3,33
6,36

S
32>7
5,07

10
3.23
4.51

20
3,16
3,64

30
3,13
3,44

or
3,04
3,04

for the ULS design value'

Ay = 2.6l{l-(3.13x.073)} =2.01 kN

Using expression 6.2, a design value of 2.01 kN was obtained for the load at which a
deflection of length/180 (7.84 mm) occurred.

6.6.3

First yield of connection

In an attempt to establish the load at which the connections began to yield, the graphs of
load versus deflection for the failure cycle at all test locations were examined. The
vertical displacement of the brackets and balcony piece were given particular attention.
The graphs of load versus deflection at these particular locations were used to determine
the yield load of the structure. A straight line was superimposed along the graphs to
establish the point at which the graphs began to exhibit nonlinear behaviour. Figure 6.25
shows examples of the load versus deflection graphs for the vertical displacements at test
location 1 (double bracket). An orange line is superimposed on each graph to help
visualise the onset of yielding.
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Test Location 1 LHS Bracket Gauge Location B

—— Loading
Unloading
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Test Location 1 RHS Bracket Gauge Location B

Loading
Unloading

Figure 6.25

Load versus deflection graphs for the failure cycle at test location 1

Table 6.18 details the results for the load at which nonlinear behaviour began to occur at
each test location during the failure cycle. The load at which yielding commenced and the
corresponding deflections are shown. The results are tabulated for all the test locations
subjected to a downward load. The values shown refer to the yielding load per bracket.
The units for the loads and deflections are kN and mm respectively.
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Test location 1
Location on bracket
B
C
F

LHS
Load
6
5
6

Deflection
2.714
14.87
2.856

RHS
Load

Deflection
6
6

2.9
18.34

Location on bracket
B
C
F

Test location 8
Single
Deflection
Load
6
2.48
6
16.2
6
2.58

Location on bracket
B

Test location 9
Single
Load
Deflection
7
2.787

Test location 2
Location on bracket
B

LHS
Load

C
F

6

Deflection
2.34

6
6

17.82
2.52

RHS
Load
5

Deflection
1.97

6

18.41

7
6

Deflection
2.15
17.29

6
6

Deflection
2.71
18.82

6
6

Deflection
2.22
16.71

C
F

6
7

Test location 6
Location on bracket
B
C
F

LHS
Load

Deflection
7
2.191
6
16.77
7
2.359

RHS
Load

l est location 7
Location on bracket
B
C
F

LHS
Load

Deflection
6
2.422
19.74
6
3.021
7

RHS
Load

Test location 10
Location on bracket
B
C
F

Table 6.18

LHS
Load

Deflection
6
2.26
17.21
6
6
2.39

RHS
Load

Loads (kN) per braeket and corresponding deflections (mm) at which
nonlinear behaviour commenced in the load versus deflection graphs
for the failure cycle

The average load at which yielding began to occur in the brackets and the standard
deviation of the test results are shown in Table 6.19.
Average

(Mx)

Standard deviation
Table 6.19

6.13 kN
(Sx)

0.50 kN

Average load at which yielding commenced and the standard
deviation of the test results
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Figure 6.26 shows the distribution of test results for the load at which nonlinear
behaviour commenced in the load versus deflection graphs during the failure cycle at
deflection gauge locations B, C and F.

Distribution of test results for the load at which the onset of
yielding occurred @ gauge locations B, C and F

No of Samples
nesting Results

Figure 6.26

Distribution of test results for the load at which nonlinear behaviour
commenced at deflection gauge locations B, C and F.

6.6.4

Design Values (first yield of connection)

The co-efficient of variation (Vx) for the yielding load test results was higher than that
observed for the load at the maximum allowable deflection occurred. A higher factor of
safety would be introduced in the design values as a result. Design values were obtained
as follows:

1. Assessment via the characteristic value
The design value of a property X may be found using:

r„
where

Sean Carroll
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Xd is the design value of a property X
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rjj is the design value of the conversion factor
is the partial factor for a material property
m \ is the mean of the n sample results
A,, is the characteristic fractile factor obtained from table D1 of annex D
is the co-efficient of variation of X ()

The conversion factor is incorporated to cover all uncertainties in the testing and depends
upon the type of testing and materials tested. A value of 1 was chosen for the tests on the
balcony brackets. The partial factor for a material property was chosen as 1.05 for steel.
The characteristic fractile factor is obtained from Table D1 of IS EN 1990:2002' Annex
D, which is shown in this report as Table 6.16. fhe characteristic fractile factor relates
the co-efficient of variation of X to the number of test samples n. A value of 1.67 was
chosen for 30 samples.
f; = 0.081 (Sx/Mx from Table 6.19)
Xd = — {l - (l .67x081)} = 5.04 kN
1.05

Using expression 6.1, a design value of 5.04 kN was obtained for the load at which
yielding commenced in the connections.

2. Direct assessment of the design value for uls verification
The design value of a property X may be found using:
Xd =
where

(6.2)

Xd is the design value of a property X
rjj is the design value of the conversion factor
is the mean of the n sample results
Vy is the co-efficient of variation ofX{sJm^)
kj „ is the design fractile factor obtained from table D2 of Annex D.
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A conversion factor of 1 was chosen again for the conversion factor. The value of

„ is

obtained from Table 6.17. A value of 3.13 was chosen for 30 samples.

Vx = 0.081(Sx/Mx from Table 6.19)
Ay = 6.3l{l-(3.13x.08l)} =4.56kN

A design value of 4.56 kN was obtained using expression 6.2 for the load at which
yielding commenced in the connections.

It is important to note that a load of 0.4 kN should be added onto the calculated value for
the average load at first yield (6.13 kN) and design values (5.04 kN and 4.56 kN) for the
load at first yield. This is to account for the weight of the test apparatus that was applied
on top of the brackets during testing. Thus the average load at yield is 6.53 kN and the
respective design values are 5.44 kN and 4.96 kN.
6.6.5

Maximum Load on bracket

At a load of 11 kN, the bracket had not yet reached final collapse, but had deflected
significantly (45.5 mm on average) and it was becoming unsafe to continue the test. The
deflection of 45.5 mm represents a value of length/31. A value of 0.4 kN should be added
onto the maximum load values to aceount for the weight of the test apparatus during
testing. This results in a maximum applied load during the test of 11.4 kN.
6.6.6

Lower bound results

The results in Table 6.18 represent the loads at which the load-displacement graphs are
first detected to deviate from the initial straight (linear elastic) line. As the loads were
reeorded in 1 kN intervals the graphs give a lower bound value of the first yield loads (i.e
if first yield actually occurred at say 6.3 kN, the graph would show the first deviation off
a straight line at an applied load of 6 kN).
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6.6.7

Stress block analysis

A detailed finite element analysis is provided in chapter 7. A simplified stress block
analysis is presented in Appendix E. The analysis is based on the assumption of strain
compatibility and linear elastic - perfectly plastic behaviour in the steel. These
calculations result in a load at yield of 7.76 kN, which compares with the mean test result
of 6.53 kN. In this analysis, yield first occurs at the lower face of the bracket. An ultimate
load, where yielding has occurred over the full bracket (with no yield in the bolt), is also
determined. The ultimate load works out as 13.84 kN, compared with the maximum
applied load during the tests of effectively 11.4 kN.

6.7

Strain readings

Strain gauges were attached to the reinforcing bars in the concrete slab as shown in
Figure 6.27. The red and green boxes represent strain gauges that were applied to the top
and bottom reinforcing bars respectively at a bracket location. The distance to the strain
gauges located at the start of the reinforcing bars near to the channel face is measured
from the end of the couplers to the centre of the strain gauges (see Figure 6.28). The
distance to the strain gauges located at the end or middle of the reinforcing bars is
measured from the end of the reinforcing bar to the centre of the gauges (see Figure
6.28).
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Figure 6.27

Locations of strain gauges on reinforcing bars of concrete slab (plan
dimensions in mm)
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Strain gauges were also attached to the threaded rods and brackets as discussed in chapter
5. Figure 6.28 shows the strain gauge locations on the reinforcing bars and balcony
bracket at test location 9. The graphs of load versus strain at test location 9 for the
serviceability, ultimate and failure cycles are shown in the following sections.

Figure 6.28

6.7.1

Strain gauge locations at test location 9 (plan) (dimensions in mm)

Strains recorded during the serviceability cycle

Figure 6.29 illustrates the load versus strain graphs at test location 9 for a serviceability
load cycle. Tensile strains are drawn on the right hand side of the vertical axis of the
graphs, while compressive strains are drawn on the left hand side of the vertical axis of
the graphs. The sign (positive or negative) of the strain gauge reading determined
whether a tensile or compressive strain was being measured.
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Strain Gauge 3

-♦—Loading
-■— Unloading
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Strain Gauge 4

-♦—Loading
Unloading

-1000

-800

-600

-400

-200

0

Strain microns

Strain Gauge 5

-♦—Loading
Unloading

strain microns

Strain Gauge 6

-♦—Loading
-■—Unloading

strain microns

Figures 6.29 Load versus strain for serviceability load cycle at test location 9
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No yielding of any component of the connections was observed during the serviceability
load cycle. For the gauges located outside of the concrete on the threaded rods and
balcony bracket, an almost perfect linear elastic relationship may be observed. For the
gauges inside the concrete slab on the reinforcing bars close to the channel face, a more
nonlinear relationship is displayed. The graphs of load versus strain for strain gauges 1
and 2 show that the rate of strain reduction during unloading is less than the rate of strain
increase during load application. Strains on the other gauges attached to the
reinforcement were extremely small.

Table 6.20 displays the recorded strain values in the reinforcing bars at all downward test
locations for the maximum serviceability load (3.8 kN per bracket). As the serviceability
cycle was applied twice at all test locations, both sets of results are shown.
Strain recorded in reinforcing bars for serviceability cycle
Anchorage Length = 1150 mm
Anchorage Length = 760 mm
I.ocation of gauge on bar
Serviceability Cy cle
Double Bracket Test No 1

Double Bracket

Test No 6

Double Bracket

Single Bracket

Middle

1

2
46
57 68
92 74
62 137
40
57
38

45
73
42I

12

End
12

QO

21

Test No 10 100
87 152
89 205
57 80

1 1511 181

9

Test No 9

rani on

58
44

78
42

65
21

89
48

Location of gauge on bar

Start

Serviceability Cycle
Double Bracket
Test No 2

1
2
146 94
101 129
69 269

QO
QO
16
17

Average Strain Reading
Standard Deviation

Table 6.20

Start

17
13

12

Double Bracket

Test No 7

15 15
9 7.6 Average Strain Reading
2.9 4.3
5.2 2.7 Standard Deviation
Strain measured in microns

End
1
19

114 233
89 170
71 92
70 155

13
13

94 163
26 62

18 16
1.5 4.7

Strain gauge readings in reinforcing bars for the maximum
serviceability cycle load (3.8 kN) at all downward test locations
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The strain values for locations with an anchorage length of 1150 mm were compared to
strain values for locations with an anchorage length of 760 mm. The average strain values
at each of the main positions (start, middle and end) on the reinforcing bars were
calculated and are shown at the end of Table 6.20. It can be seen that there is a greater
variation in the strains in the locations with the shorter anchorage length. The magnitude
of the recorded strains indicates that no permanent straining occurred during the
serviceability cycle.

6.7.2

Strains recorded during the ultimate load cycle

Figure 6.30 illustrates the load versus strain graphs at test location 9 for the ultimate
design load cycle. Again, tensile and compressive strains are drawn on the right and left
hand side respectively of the vertical axis of the graphs.
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Strain Gauge 2

-♦—Loading
-■—Unloading

Strain Gauge 3

Loading
-■— Unloading

500

1000

1500

2000

Strain microns

Strain Gauge 4

Loading
-■— Unloading

strain microns
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Figures 6.30 Load versus strain for ultimate design load cycle at test location 9

The linear elastic relationship of the strain gauge readings on the threaded rods and
bracket suggest that no yielding occurred at the locations of the strain gauges.

The gauges on the reinforcing bars inside the concrete slab display a more nonlinear
relationship and quite often did not return to zero. This would normally indicate that a
certain amount of permanent straining has occurred at the strain gauges located on the
reinforcement; however, it is also important to consider the magnitude of the strains in
the reinforcement also. Table 6.21 details the recorded strain values from testing in the
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reinforcing bars at all downward test locations for the maximum ultimate design load
applied (6 kN per bracket).
Strain recorded in reinforcing bars for ultimate cycle
Anchorage Length = 1150 mm
Anchorage Length = 760 mm

Location of gauge on bar

Start

Middle

Ultimate Cycle
Double Bracket
Test No 1

1
121
192
154
197

1

UiJ

End

1

1
8

Test No 6

89
91
164

17
18

13

Double Bracket

Test No 10 205
314
305
142

U2I

16

Single Bracket

Test No 9

209
161

u

□

Table 6.21

180
67

Start

Middle

Serviceability Cycle
Double Bracket
Test No 2

1
203
241
486

1

1
1

Double Bracket

Average Strain Reading
Standard Deviation

Location of gauge on bar

Double Bracket

Test No 7

19
12
Average Strain Reading
6.8
3.3
Standard Deviation
Strain measured in microns

End
1

-13

440
226
156
237

284
117

-13

Strain gauge readings in the reinforcing bars for the maximum
ultimate design load (6 kN) at all downward test locations

The recorded strains for the test locations with an anchorage length of 1150 mm were
compared to the locations with an anchorage length of 760 mm once again. The average
values of recorded strain at the main positions on the reinforcing bars are as shown at the
end of Table 6.21. The reinforcing bars of the slab are made from T20 high yield steel
and have a yield stress of 460 N/mm . These bars can sustain very large strains before
yielding as shown:
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stress(^) _ YoungsModulus{E)
strainys)
G

E
460
N! rnifi^
= 2190//
210,000 N /

As the maximum recorded strain value for this load cycle in any of the reinforcing bars
(see Table 6.21) was only 486 ju , it was felt that no yielding occurred in the reinforcing
bars during the ultimate load cycle. The load versus strain graphs in Figure 6.30 for the
gauges inside the concrete (1 and 2) would tend to suggest that yielding has occurred as
the unloading curve did not go back to zero. This apparent conflict may be caused by
hysteresis and is discussed in section 6.7.5.
6.7.3

Strain recorded during the failure cycle

Figure 6.31 illustrates the load versus strain graphs for the failure cycle at test location 9.
Once again, tensile and compressive strains are drawn on the right and left hand side
respectively of the vertical axis of the graphs.
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Strain Gauge 2

Loading
Unloading
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Strain Gauge 6

Loading
Unloading

Figure 6.31

Load versus strain for failure load cycle at test location 9

Strain gauge 4, located on the bottom of the balcony bracket web shows definitive
yielding. It is interesting to note that the point at which yielding begins on the graph is
approximately 6 kN, which is consistent with the average yielding value of 6.13 kN as
obtained from the load versus deflection graphs in section 6.6.3. The bottom portion of
the web of the balcony brackets was the only area where yielding was observed during
testing for all the downward test locations. Flaking of the paint that was applied at these
locations was observed as previously illustrated in Figure 6.22.
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For the threaded rods, gauge 3 gave trouble during testing. At a load of approximately 6
kN the gauge appeared to have stopped working, however at a load of approximately 10
kN it appeared to begin working again as shown in Figure 6.30. Strain gauge 5 on the
other threaded rod had no difficulties and displayed an almost perfect linearly elastic
relationship. As the yield stress of the threaded rods is 640 N/mm , they could sustain
very large strains before yielding (3050p approx). Table 6.22 details the strains recorded
in the threaded rods and brackets at test locations 8 and 9. The strains shown were
recorded at the maximum applied load for each of the cycles.

Summary of strain recorded in the threaded rods and bracket for loading cycles
Anchorage Length = 760 mm
Serviceability cycles
1
2

Test location 8
Threaded Rod
Bracket
Threaded Rod

Average Strain Reading
Threaded rods

1256
-833
1230

2001
-1343
1905

4295
-10011
3614

1288

1243

1953

3954.5

841
-804
803

Average Strain Reading
Threaded rods

Failure

1317
-866
1258

Anchorage Length = 1150 mm
Serviceability cycles
1
2

Test location 9
Threaded Rod
Bracket
Threaded Rod

Ultimate

822

Ultimate

Failure

941
-910
966

1562
-1500
1590

2487
-7870
3223

953.5

1576

2855

Strain measured in microns

Table 6.22

Summary of strains in the threaded rods and brackets

The maximum applied load for the failure cycle at test location 9 was 12 kN. The results
in Table 6.22 at test location 9 refer to the recorded strain at a load of 11 kN. These
readings were chosen in order to draw comparisons with test location 8, which had a
maximum applied load of 11 kN for the failure cycle. The strain readings at the bottom of
the bracket webs were fairly similar at both test locations. The negative values at these
locations indicate a compressive stress. A strain gauge details only the behaviour at the
specific location to which it is attached. The exact positions of the strain gauges at test
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locations 8 and 9 were marginally different on both brackets and that may be the main
reason for the differing results. The gauge on the bottom of the braeket at test loeation 8
appeared to begin yielding at a load of approximately 7 kN in eomparison to 6 kN on the
bracket at test location 9.

There was a greater variation in the results for the strain gauges attached to the threaded
rods. The removal of the ribs (and a small reduetion in the eross-section of the rod) from
the threaded rods to faeilitate the attachment of the strain gauges had an influenee on the
reeorded strain. Although every attempt was made to ensure that the same amount of steel
was removed from each rod, this was difficult to achieve. The results would suggest that
a greater area of steel was removed from the threaded rods at test loeation 8. Strain gauge
5 (Figure 6.31), which had no difficulties in recording strain on the threaded rod at test
location 9, displayed a perfeet linearly elastie relationship for the failure cycle. The
gauges on the threaded rods at test loeation 8 did not show sueh a good linear
relationship. The graphs at this location (see Appendix A) showed some permanent
straining when the loading was removed, which again suggests that more steel was
removed from the threaded rods at test loeation 8.

The graphs for the strain in the reinforcing bars of the concrete slab at test location 9 are
also shown in Figure 6.31. Again a more nonlinear behaviour is displayed for these
gauges. Table 6.23 details the strain along the reinforeing bars at each downward test
location for an applied load of 11 kN per bracket during the failure cycle. The average
value of the recorded strain at each of the main locations on the bar is shown at the end of
the table.
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Strain recorded in reinforcing bars for failure cycle
Anchorage Length = 1150 mm
Location of gauge on bar

Start

Middle

Anchorage Length = 760 mm
End

Location of gauge on bar

I

1

1

Double Bracket

Test No 1

475
515
515
566

LJ]j

1 17
1
1

Double Bracket

Test No 2

Double Bracket

Test No 6

536
490
483
533

17
18

13

Double Bracket

Test No 7

Double Bracket

Test No 10 892
748

Lizl

28

I'ltimate Cycle

Serviceability Cycle

Start
1

Middle
1

End
1

853
560
461
644

378

Single Bracket

Test No 9

Average Strain Reading
Standard Deviation

Table 6.23

517
410
544
136

u

d

32
19 Average Strain Reading
23
6.3
Standard Deviation
Strain measured in microns

630
144

36
4.5

Strain gauge readings in the reinforcing bars for the maximum failure
cycle load (11 kN) at all downward test locations

No strain readings were available for the failure cycle at test location 2. The different
slopes in the loading and unloading graphs for the gauges inside the concrete (1 and 2)
may be attributed to hysteresis as outlined in section 6.7.5.

6.7.4

Observations from the strain readings

Strain in reinforcing bars close to the channel face
For all of the applied load cycles, the largest strain readings for the strain gauges on the
reinforcing bars of the slab were recorded close to the channel face. The strain reduced
along the reinforcing bars away from the channel face. The average value of the recorded
strain in the reinforcing bars close to the channel face was observed to be larger at
locations with a shorter anchorage length as shown in Tables 6.20, 6.21 and 6.23. The
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shorter reinforcing bars provide a shorter length in which to transfer the forces from the
threaded rods into the concrete. This leads to greater forces in the shorter reinforcing bars
and thus larger strains.

To obtain additional readings for the strain at the maximum serviceability load (3.8 kN),
the ultimate and failure cycle results were interpolated at this load at each test location.
The failure cycle results were also interpolated to obtain additional readings for the strain
at the maximum ultimate design load (6 kN) at each test location. A better approximation
of the average results could be obtained from the additional sets of readings. The average
strain results for the gauges on the reinforcing bars close to the channel face were
calculated for the maximum serviceability, ultimate and failure cycle loads. The results at
locations with an anchorage length of 1150 mm were calculated separately to the results
with an anchorage length of 760 mm in order to compare the readings. Table 6.24 shows
the calculated results.
Maximum strain at:

Anchorage length = 1150 mm

Serviceability
3.8 kN
88

Ultimate
6 kN
181

Failure
11 kN
542

Anchorage length = 760 mm

143

280

630

Strain recorded in microns

Table 6.24

Average strains reeorded in the gauges on the reinforcing bars near
the channel face at the maximum service, ultimate design and failure
load

As shown in Table 6.24, the strain in the reinforcing bars close to the channel face was
approximately 30 % larger overall in the shorter anchorage bars at the largest applied
load for all load cycles. The results of Table 6.24 are shown in Figure 6.32. The graph
illustrates a linear distribution of strain as the load in the reinforcing bars at this location
increases. This suggests that no yielding occurred in the reinforcing bars. The magnitudes
of the recorded strains are also well below the approximate yield strain of 2190p for high
yield steel.
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Figure 6.32

Average strains recorded in the gauges on the reinforcing bars near
the channel face at the maximum service, ultimate and failure load

Strain in reinforcing bars towards the middle of the bars
The average recorded strains for the gauges located towards the middle of the reinforcing
bars were also calculated. Again, the results at the maximum load cycles were
interpolated between tables to obtain additional readings. As no strain gauges were
attached to the middle of the shorter anchorage bars, the results shown in Table 6.25 are
for the longer anchorage locations.
Maximum strain at:

Anchorage length = 1150 mm

Table 6.25

Serviceability
Ultimate
Failure
3.8 kN
6kN
11 kN
22
15
46
Strain recorded in microns

Average strains recorded in the gauges located towards the middle of
the reinforcing bars at the maximum service, ultimate design and
failure loads

As expected, no yielding at this location occurred either as determined from the
magnitude of the strains. The results of Table 6.25 are displayed in Figure 6.33.
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Figure 6.33

Average strains recorded in the gauges located towards the middle of
the reinforcing bars at the maximum service, ultimate and failure load

A linear distribution of strain is shown for the gauges loeated towards the middle of the
reinforeing bars as the load increases.

Strain in reinforcing bars towards the end of the bars
The average recorded strains for the gauges located towards the end of the reinforcing
bars were also calculated. Again, the results at the maximum load cycles were
interpolated between tables to obtain additional readings. In order to compare the results,
the results at locations with an anchorage length of 1150 mm were calculated separately
from the results with an anchorage length of 760 mm in order to compare the results.
Table 6.26 shows the calculated values.
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Maximum strain at:

Serviceability
3.8 kN
Anchorage length = 1150 mm

9

Anchorage length = 760 mm

15

Ultimate
6 kN
13

Failure
11 kN

17

36

27

Strain recorded in microns

Table 6.26

Average strains recorded in the gauges located towards the end of the
reinforcing bars at the maximum service, ultimate design and failure
load

The results in Table 6.26 are displayed in Figure 6.34. The strains observed at this
location on the bar were larger in the shorter anchorage length locations. The line of the
graph for the 1150 mm anchorage length shows a linear distribution of the strain in the
bar as the load increases. The line representing the 760 mm anchorage length locations
was not as linear. It is felt that the small number of tests carried out for the 760 mm
anchorage length renders the results less reliable.

Figure 6.34

Average strains recorded in the gauges towards the end of the
reinforcing bars at the maximum service, ultimate design and failure
load
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6.7.5

Strain distribution along reinforcing bars

Figure 6.35 illustrates the distribution of average strain (at the three gauge locations for
the maximum applied load during the three loading cycles) along the reinforcing bar at
locations with an anchorage length of 1150 mm.

r

Distribution of strain along reinforcing bars in slab

■ Serviceabilty Cycle
■ Ultimate Cycle
• Failure Cycle______

Distance along the reinforcing bars measured from the
channel face (mm)

Figure 6.35

Distribution of average recorded strain along the reinforcing bars at
the maximum applied load during for the 3 loading cycles

The zero mark on the x-axis of the graph represents the inside face of the channel. The
approximate average distances to the strain gauges along the reinforcing bars from the
inside face of the channel are 250 mm, 700 mm, and 1000 mm to the front, middle and
end gauge locations respectively. For all load cases the strain in the bars dissipates quite
rapidly as the distance along the reinforcing bars from the channel face increases. The
threaded rods at the balcony bracket and the reinforcing bars of the concrete slab are
attached by couplers inside the concrete as described in chapter 5 and so continuity
between the elements is provided. Figure 6.36 shows the distribution of strain from the
threaded rods outside the concrete to the reinforcing bars inside the concrete. The strain
in the threaded rod has been adjusted to reflect the difference in area between the rod and
reinforcement by multiplying by (Nett Area of rod/ Area of reinforcement), i.e. 198/314.
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The zero mark of the x-axis again represents the inside of the ehannel face. The
approximate average distance to the gauges on the threaded rods in the balcony brackets
is 100 mm from the channel face.

Distribution of strain along reinforcing bars in slab

■ Serviceabilty Cycle
• Ultimate Cycle
Failure Cycle______

Distance along the reinforcing bars measured from the
channel face (mm)

Figure 6.36

Distribution of average recorded strain along the threaded rods
(adjusted) and reinforcing bars at the maximum applied load during
the three loading cycles

The strain in the threaded rods is shown to dissipate quickly as it is transferred via the
coupler into the reinforcing bars of the concrete slab.

6.7.6

Hysteresis

The results obtained from a strain gauge are a function of the installation procedures, the
state of the strain being measured and the environmental conditions during testing^. These
three factors have a major influence on the performance of a strain gauge. A measure of
the performance of a strain gauge system (system implies the gauge, adhesive, protection,
lead wires and instrumentation) involves considerations of linearity, hyteresis and zero
shift\ If measured strain is plotted as a function of applied strain as the load on a
component is cycled, results similar to those illustrated in Figure 6.37 may be obtained. A
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deviation from linearity is observed and the unloading curve falls below the loading curve
to from a hysteresis loop. A similar result may be observed where actual yielding of a
component occurs; however in this generic example, the elastic limit is not exceeded and
so no yielding occurs. The magnitude of the deviation between the loading curves
depends on the strain level of the gauge, adequacy of the adhesive bond and the
viscoelastic characteristics of the carrier material^. For properly installed gauges in good
environmental conditions and moderate strain ranges, hysteresis should be low (.05-.!%
maximum strain)

Figure 6.37

Hysteresis^

A practical example of hysteresis may be shown by considering a pressure gauge that has
the input pressure slowly and smoothly varied from zero to full scale and then back to
zero. If there was no friction due to sliding or moving parts then the input-output graph
might look like that shown in Figure 6.38. The non-coincidence of the loading and
unloading curves is due to internal friction or hysteric damping of stressed parts such as
the spring inside the pressure gauge

Sean Carroll

198

6 - Testing

Angular Rotation

Figure 6.38

Loading and unloading eurve of a pressure gauge^

Basically, not all the energy put into stressed instrument parts is recoverable on
unloading. For the strain gauges on the reinforcing bars in the concrete slab, the bond
between concrete and steel is the mechanism for transferring force between the
components and losses result mainly due to friction and cracking at this interface. The
environment to which the gauges are subjected in the concrete slab would not be
classified as an ideal strain reading environment and this also plays its part. When the
slab was being poured, the concrete was compacted with a vibrator. This was necessary
to ensure a sound slab. However banging and vibrating of the bars as the concrete was
being compacted could have easily affected the delicate strain gauges. Although the
shape of the load versus strain graphs for gauges inside the concrete slab would suggest
that yielding occurs; the magnitude of the maximum strain value dictates otherwise. No
straining was observed in any of the reinforcement that was inside the slab. It is felt that
the non-coincidence of the loading curve was due to hysteric effects.
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6.8

Summary of recorded deflections

The objective of this section is to present a summary of the maximum recorded
deflections for the various deflection gauge positions around the balcony assemblies. The
average recorded results for the maximum deflections and the standard deviation of the
results for each deflection gauge position are presented. A full copy of all recorded test
results (deflections, strains and observations) for each test location is available in
appendix A.
6.8.1

Downward load tests

The average recorded deflections for the various deflection gauge positions (see Figure
6.14 and 6.15) at the maximum applied load during the serviceability and ultimate design
load cycles, are shown in Table 6.27. The serviceability load cycle results were averaged
over the two serviceability load cycles. It was observed that for the serviceability load test
at single bracket test locations (8 and 9), the maximum applied load was 3.6 kN instead
of 3.8 kN. To obtain a set of deflection results for a load of 3.8 kN at the single bracket
test locations, the ultimate load cycle results for the single bracket test locations were
interpolated to calculate deflections for each deflection gauge at a load of 3.8 kN.

Vertical deflection at channel
Vertical deflection at end of bracket
Vertical deflection at point of loading
Horizontal deflection at back of brackets
Horizontal deflection at top of channel
Vertical deflection at endplate of balcony piece
Horizontal deflection at bottom of channel

Vertical deflection at channel
Vertical deflection at end of bracket
Vertical deflection at point of loading
Horizontal deflection at back of brackets
Horizontal deflection at top of channel
Vertical deflection at endplate of balcony piece
Horizontal deflection at bottom of channel

Table 6.27

A
B
C
D
E
F
G

Serviceablity Load Cycle
Maximum Deflection at 3.8 k.\'
Standard deviation
Average
mm
mm
0.262
0.238
0.274
mm
mm
1.650
mm
0.957
11.419 mm
mm
0.054
mm
0.465
mm
0.048
mm
0.110
mm
mm
0.259
1.676
mm
0.047
mm
-0.015

A
B
C
D
E
F
G

Ultimate Design Load Cycle
Maximimum Deflection at 6 kN
Standard deviation
Average
mm
mm
0.247
0.283
mm
mm
2.415
0.273
mm
17.891 mm
1.915
mm
mm
0.740
0.078
mm
mm
0.167
0.065
mm
mm
2.533
0.240
-0.043 mm
0.042
mm

|

|

Average recorded deflections at each deflection gauge position at the
maximum applied load during the ultimate and serviceability cycles
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The results for each deflection gauge for the ultimate design load cycle were averaged
between the results for the ultimate load cycle and the failure load cycle at a load of 6 kN
per bracket for all downward test locations. The recorded deflections for the various
deflection gauge positions for the downward load tests are summarised in section 6.8.1.1
to 6.8.1.7.
6.8.1.1 Location A
Location A refers to the vertical deflection at the bottom of the channel for a LHS bracket
or a single bracket. I'he steel table upon which the concrete slab rests was fabricated to
the exact dimensions of the concrete slab. The deflection gauge therefore had to be placed
on the underside of the flange on the table top as shown at A in Figure 6.39. All test
locations other than test location 8 deflected downwards at this gauge location.

Figure 6.39

Location of deflection gauges A and B

6.8.1.2 Location B
Location B refers to the vertical deflection at the end of the balcony bracket for a LHS or
RHS bracket. The deflection gauge was placed directly underneath the front plate of the
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bracket as shown at B in Figure 6.39. The results at this location were consistent at all test
locations as shown in Table 6.27 and the direction was always downwards.

6.8.1.3 Location C
Location C refers to the vertical deflection at the point of application of the load for a
LHS or RHS bracket. The deflection gauge was placed directly beneath the applied load
on the underside of the baleony piece as shown in Figure 6.40. A stand was placed
beneath the balcony piece to enable the gauges to be plaeed at the required locations.

Figure 6.40

Location of deflection gauge C

The vertical deflection at this location was reasonably consistent for all test locations and
the direction was always downwards.

6.8.L4 Location D
Location D refers to the horizontal deflection at the back of the balcony brackets for a
LHS or RHS bracket. Figure 6.41 shows the locations of deflection gauge D for a double
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bracket test as viewed from above. The deflections were reasonable consistent for this
test location as shown in Table 6.27. The deflection was always away from the channel
face for downward loads as the threaded rods began to strain.

Figure 6.41

Locations of deflection gauge D at a double bracket test location

6.8.1.5 Location E
Location E refers to the horizontal deflection at the top of the channel face for a LHS
bracket or a single bracket. On a RHS bracket, the horizontal deflection at the top of the
channel face was termed A (see Figure 6.15). Both sets of readings were used to calculate
the average recorded deflection and the standard deviation of the test results for the
horizontal deflection at the top of the channel as shown in Table 6.27. Overall, the
deflection at the top of the channel was away from the concrete face for the downward
load tests. Figure 6.42 shows the location of deflection gauge E.
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Figure 6.42

Location of deflection gauges E, G and F

6.8.1.6 Location F
Location F refers to the vertical deflection at the start of the balcony piece. The deflection
gauge was placed directly beneath the endplate of the balcony piece as shown in Figure
6.42. The vertical deflection at this location was almost identical to the deflection at
location B, which was directly beside the start of the balcony piece. The results were
consistent for all the test locations and the direction was always downwards.
6.8.1.7 Location G
Location G refers to the horizontal deflection at the bottom of the channel face for a LHS
bracket or a single bracket. Overall the displacement at this location was towards the
channel face as shown in Table 6.31 by the negative value. The location of the deflection
gauge is shown in Figure 6.42.
6.8.2

Upward load tests

The position of the deflection gauges around the balcony assemblies for the upward load
tests are shown in Figure 6.43 and Figure 6.44 for a LHS and RHS bracket respectively.
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Load was applied at C, which is a distance of 990 mm from the channel face.
Serviceability cycle 1 was loaded at 947 mm from the channel face so these results are
not included in Table 6.28.

Figure 6.43

Deflection gauge locations for a LHS bracket

Figure 6.44

Deflection gauge locations for a RHS bracket

The average recorded deflections for the various deflection gauge positions are shown in
Table 6.28 for the maximum applied serviceability and ultimate loads. The results for the
average recorded deflection at each deflection gauge location for the maximum applied
load during the ultimate load cycle were averaged between the ultimate and failure cycle
results at a load of 2.65 kN.
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Vertical deflection at channel
Vertical deflection at end of bracket
Vertical deflection at point of loading
Horizontal deflection at back of brackets
Horizontal deflection at top of channel
Vertical deflection at endplate of balcony piece
Horizontal deflection at bottom of channel

Vertical deflection at channel
Vertical deflection at end of bracket
Vertical deflection at point of loading
Horizontal deflection at back of brackets
Horizontal deflection at top of channel
Vertical deflection at endplate of balcony piece
1 lorizontal deflection at bottom of channel

Table 6.28

A
B
C
D
E
F
G

Serviceablity Load Cycle
Maximum Deflection at 1.6 kN
Standard deviation
Average
mm
-0.152 mm
0.130
0.099
mm
-0.608 mm
mm
0.482
-2.453 mm
mm
mm
0.022
0.043
mm
0.014
mm
-0.031
mm
-0.647 mm
0.131
mm
-0.014 mm
0.023

A
B
C
D
E
F
G

Ultimate Design Load Cycle
Maximimum Deflection at 2.65kN
Standard deviation
Average
mm
-0.217 mm
0.175
mm
-0.897 mm
0.207
mm
-3.580 mm
0.685
mm
mm
0.047
0.055
mm
-0.042 mm
0.018
0.187
mm
-0.930 mm
-0.024 mm
mm
0.017

|

|

Maximum recorded deflections for the ultimate and serviceability
cycles

The maximum applied load for each load cycle at the upward test locations was much
less than the maximum applied load for the downward tests locations. Therefore, the
recorded deflections were also much reduced. Figure 6.45 shows the deflected shape of
the balcony section at the maximum applied load (19.5 kN) during the failure cycle at
upward test location 3. A level was placed on top of the section to aid in visualising the
amount of vertical displacement.
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Figure 6.45

Deflected shape of balcony section at maximum applied load during
the failure cycle (test location 3)
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7 - Modelling the balcony brackets in LUSAS

7.0

Modelling the balcony brackets in LUSAS

7.1

Introduction

The finite element method as described in chapter 4 of this thesis is a numerical analysis
technique for obtaining approximate solutions to a wide variety of engineering problems.
Many structural analysis methods have been developed where hand calculations may be
used to analyse simple statically determinate structures. These methods can produce
accurate results for such simple problems. In many practical engineering situations
however, engineers are faced with structures that are highly indeterminate for which no
simple analytical techniques exist. For example, the load capacity of a plate that has
many stiffeners and irregular shaped holes is not easily assessed. The difficulty arises
from the arbitrary or irregular shape of such a structure. A good approximation of the
behaviour may be found by using a computer program that incorporates finite element
analysis.
LUSAS is a finite element software system as described in chapter 4. For simple
problems such as an elastic analysis of a truss structure for example, a user can quite
simply model the structure as a set of lines and assign the appropriate attributes. Pressing
the solve button will enable the user to access many results such as the relative
displacements and distribution of internal forces throughout the structure. Relatively little
knowledge of the software or finite element analysis is required to perform such a task.

For more complex structures such as the balcony bracket connections, where there are
different types of material, complex geometry and arbitrary contact between elements, the
process is not so straight forward. A greater understanding of the software and the finite
element method is required to model such a structure. In creating any model, a number of
assumptions have to be made regarding the structural behaviour of the object being
modelled. The choice of elements for the individual components of a complex structure is
of critical importance in producing accurate results and is a decision for the user, usually
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based on experience. Establishing the expected types of stress that the individual
components will experience will help the user to identify the most suitable element type.
The resourcefulness of the analyst is a key component in producing a good approximation
of the structure’s behaviour.

Areas of contact between elements in a connection produce particularly nonlinear results.
It was clear therefore that a nonlinear analysis was required to model the balcony
brackets. A number of 2-d and 3-d models were created in an attempt to model the
structural behaviour of the balcony connections. This chapter aims to describe how the
LUSAS models were created. The results from the models are compared with the results
recorded during testing.

7.2

2-D Model of a single bracket

A 2-d model of a single bracket test was created in LUSAS using line and surface
geometries. The reinforcement of the concrete test slab, the threaded rods and the bolts
connecting the brackets to the balcony piece were modelled using lines. The concrete test
slab, steel channel, bearing plate, bracket and balcony piece were modelled using
surfaces. In order to accurately represent the structural behaviour of a single bracket
subjected to a downward point load, a number of items required consideration.
7.2.1

Concrete test slab

The main issue with regard to modelling the concrete test slab was how long and wide to
make the concrete section in order to obtain accurate results. It is not practical to model
the entire 5.3 m by 3 m concrete test slab. When a bracket is loaded, the forces in the
bracket and threaded rods are transferred into the four reinforcing bars that are attached to
the inside of the bearing plate and channel by couplers. The reinforcing bars in turn
transfer these forces into the concrete. A certain volume of the concrete slab becomes
stressed due to this transfer of force between the reinforcement and the concrete. A
number of 2-d and 3-d models were created with identical support conditions to compare
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the performance of different size concrete sections. The depth of the slab was kept
constant (150 mm) and only the length and breadth were varied. Strain readings in the
reinforcement that were recorded during testing were compared with strain readings in
the finite element models. When loaded at a single bracket, a 600 mm wide and 2000 mm
long concrete section gave the best representation of the actual behaviour of the
reinforced concrete test slab.

A perfect bond between the reinforcement and concrete was assumed for the LUSAS
models. Bond modelling in finite element analysis is quite a complex issue. Attempting to
model the nonlinear and variable behaviour at the concrete and steel interface would
unnecessarily complicate the model and lead to a very large computational effort and
solution time. Any deformations resulting from the self weight of the concrete were
neglected as they were considered to be small compared with those resulting from the
applied load.
7.2.2

Concrete Material Properties

I'here are a number of material models available within the LUSAS material library. A
number of models were created using the multi-crack concrete material (model 94) and a
number of models were created using the stress potential material model. The multi-crack
material model is a plastic damage contact model in which damage planes form according
to a principal stress criterion and then develop as embedded rough contact planes^. This
material model was used for the 3-d models only. For the 2-d models the stress potential
model was employed. The main difference between the two material models created was
that a compressive strength only was specified for the plastic (i.e. post-elastic) properties
of concrete for the stress potential model. When using the multi-crack material model,
many plastic properties were specified such as the ultimate strain and tensile and
compressive strengths. Cracking patterns may also be observed for the multi-crack
material model. The elastic properties of the concrete model, whether it was a 2-d or 3-d
model, were kept constant and are shown in Table 7.1. The density and compressive
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strength of the concrete were obtained from the concrete cube test results shown
chapter 5, section 5.2.2.

Table 7.1

Concrete Properties

Value

Density

2400 kg/m-*

Young’s Modulus

28000 N/mm^

Compressive strength

40 N/mm^

Poisson’s Ratio

0.2

Concrete properties

The modulus of elasticity of the concrete was obtained from BS 8110-2:1985 . Module
of elasticity increases with an increase in compressive strength; however there is n
agreement on the precise form of the relationship. The modulus of elasticity of concrete i
largely affected by the stiffness of the aggregate and by the volumetric proportion c
aggregate in the concrete'. Table 7.2 details the mean values for the modulus of elasticit
for concrete after 28 days of curing.
Ec.28

/cu.28
X'mm*

20
25
30
40
50
60

Table 7.2

Tj'pical range

Mean value
’kX'mm-

24
25
26
28
30
32

kX'mm-

18 to 30
19 to 31
20 to 32
22 to 34
24 to 36
26 to 38

Mean values for the modulus of elasticity of concrete

2

The Poisson’s ratio of longitudinal to lateral strain for concrete lies generally in the rangt
of 0.15 to 0.22. The value under tensile loading is very similar to that under compressivt
loading. With reference to a number of LUSAS concrete models, a value of 0.2 wa‘
chosen.
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7.2.3

Steel material properties

The balcony bracket, bearing plate, channel and balcony piece were all fabricated from
grade S275 steel. The elastic material properties for these sections are shown in Table
7.3.

Table 7.3

Steel Properties

Value

Density

7850 kg/m^

Young’s Modulus

210000 N/mm^

Compressive strength

275 N/mm'^

Tensile strength

275 N/mm-^

Poisson’s Ratio

0.3

Steel Material Properties

The bolts and threaded rods of the connections were assigned the same material
properties except for the minimum yield stress. Both components were fabricated from
grade 8.8 material and so a value of 640 N/mm was chosen as their yield stress. To
account for the presence of threads in the threaded rods, the cross sectional area was
multiplied by .78. This value was a more realistic interpretation of the actual steel area
that was provided. The reinforcement of the slab was assigned the same elastic material
properties also, except for the yield stress, which was chosen as 460 N/mm for high yield
steel.
7.2.4

Modelling a 3-d structure as a 2-d model

To account for the fact that the 3-dimensional balcony brackets were being modelled as
two dimensional elements, the two threaded rods of a bracket were combined into one
threaded rod with an area equal to that of two rods. The four reinforcing bars in the
concrete slab had to be combined also. The two top and bottom reinforcing bars were
combined into single top and bottom reinforcing bars each with an area equal to that of
two bars. Figure 7.1 illustrates an elevation of the 2-d model that was created. The nodes
are represented by the red points, lines are pink and surfaces are green. The blue arrow
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indicates the point of application of the load. The green arrows indieate the type and
position of supports. The small grey boxes represent the mesh of the model. For 2-d
models, the thickness of the individual elements has to be input manually. Pressing the
‘fleshing button’ within LUSAS allows the 2-d model to be viewed as a 3-d model.
Figure 7.2 shows an isometric view of the 2-dimensional model with the fleshing option
seleeted.
Y

Z t>t> X

Figure 7.1

2-d model
Y
^

X

' Z

Figure 7.2

Isometric view of the 2-d model

Figures 7.3 - 7.6 illustrate the individual components of the 2-d model. The eoncrete slab
is 2000 mm long, 600 mm wide and 150 mm deep. The braeket was modelled to the exaet
dimensions of the actual brackets. As it was a 2-d model, the two threaded rods were
eombined into one rod that is attached to the ehannel faee and to the baek of the bracket
front plate only. The channel was modelled to the exact dimensions also; however the
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width was modelled as 170 mm, which matched the width of the bracket end plate. It was
felt that the channel did not significantly contribute to the stiffness of the structure and so
its width was curtailed. Finally the balcony piece was modelled exactly as a 127 x 76 UB;
however the stiffeners that were welded onto the section for testing were not modelled.
The length of the balcony piece was modelled as 1168 mm. The distance from the
channel face to the point of loading therefore was 1411 mm.

Figure 7.3

Isometric view of the concrete slab

Bracket
Frontplate
Threaded Rod (Area
equivalent to two rods)

Bracket
Endplate

Figure 7.4
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Figure 7.5

Isometric view of the channel

127 mm x 76 mm UB

Balcony Piece
Endplate

Figure 7.6

Isometric view of the balcony piece

The couplers, the top and bottom mesh reinforcement and the bolt holes were not
explicitly modelled. Joint elements available in LUSAS were employed to attach the
reinforcing bars in the slab to the back of the channel. Joint elements were also employed

Sean Carroll

216

7 - Modelling the balcony brackets in LUSAS

to attach the steel bracket to the front of the channel face. The bolts connecting the
bracket to the balcony piece were modelled as lines.

7.2.5

Support Conditions

The support conditions describe the way in which a particular model is to be restrained.
There are three valid support conditions available within LUSAS;
•

Free - Degree of freedom is completely free to move

•

Fixed - Degree of freedom is completely restrained from movement

•

Spring stiffness - Degree of freedom is subjected to a specified spring stiffness

For a structural problem, translations in the X,Y,Z directions and rotations about the
X,Y,Z a.xes are the potential degrees of freedom. The decision regarding the type of
support conditions to be assigned to a model is of critical importance and quite often the
most difficult to predict. The choice of whether a point is to be treated as fixed or pinned
for example, affects not only the relative displacements but also the distribution and
magnitude of internal forces. Referring to Figure 7.7, the concrete at the end of the model
remote from the bracket (A) was treated as fixed in the Y and Z directions and free in the
X. This allowed for the possibility that the concrete would be pulled toward the brackets
when the balcony piece was loaded. The support at the bracket end of the model (B) was
treated as pinned. The position of the pinned support coincides with the centre of the web
of the steel table, on which the concrete slab rested while testing was carried out. It is
located a distance of 102 mm back from the face of the channel.

Concrete Slab

Threaded Rod

Balcony Piece

2—e

Figure 7.7

Support A (fixed in Y and Z directions) and support B (pinned) in the
2-d finite element model
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7.3

2-d Model Elements

7.3.1

2-d continuum elements

The concrete test slab, bracket, bearing plate, channel and balcony piece were modelled
using 2-d plane stress continuum elements. The element name is ‘QPM4’ and is as shown
in Figure 7.8. The plane stress elements assume that there are no out of plane shear or
o

direct stresses and have a linear interpolation order. The LUSAS element manual
suggests that where these elements are used to model in-plane bending in a cantilever
subjected to a point load, the results will be over-stiff. The recommended element
‘QPM8’ which has a quadratic interpolation order showed a very marginal increased
deflection and strain in the reinforcing bars when used to model the connections. The
elements did increase the solution time. For this reason, the ‘QPM4’ elements were
employed, which resulted in approximately the same results in less time.
QPM4

Figure 7.8
7.3.2

2-d plane stress element

2-d bar elements

The reinforcement of the concrete slab and the bolts connecting the bracket and balcony
piece were modelled using 2-d bar elements. The element name is ‘BAR2’ as shown in
Figure 7.9.
BAR2

Figure 7.9
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This element is used to model axial force only and has a linear interpolation order. The
variation of axial force is constant for these elements. The LUSAS element reference
o

manual recommends the use of 2-d bar elements for modelling reinforcement within
continuum elements.
7.3.3

2-d beam elements

The single threaded rod, which is formed when the two rods are combined as explained in
7.2.4, was modelled using a 2-d thick beam element. The element name is ‘BEAM’ as
shown in Figure 7.10 and it has a linear interpolation order. The force variations along the
beam element are constant for axial forces, linear for shear forces and quadratic for
moments. Strains are not available for this element and it cannot model nonlinear
behaviour; however it can be mixed with other elements in a nonlinear analysis. As the
loading that was to be applied in the analysis would not exceed the yield capacity of the
rods it was felt that this would be an acceptable element to use to represent the behaviour
of the rods. The 2-d beam elements are used rather than the 2-d bar elements as the 2-d
beam elements are able to model the bending behaviour of the rod.
BE-\M
X

7.3.4

2-d Joint elements

Joint elements with no rotational stiffness were used to attach the reinforcing bars in the
slab to the back of the channel and to attach the balcony bracket to the front of the
channel face. The element name is ‘JNT3’ as shown in Figure 7.11.
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JNT3

7.3.5

Slidelines

Slidelines are not elements, but are attributes that can be used ) model contact and tie
dissimilar meshes together. Slidelines are used quite ofte to model bolt/plate
connections within LUSAS. The sideline facility is inherently noiinear and must be used
in a nonlinear analysis. They arc assigned to corresponding pai; or groups of features,
known as a master and slave. Slidelines were assigned at the intence of:
•

the concrete slab and steel channel,

•

the front of the channel and the back of the balcony bracki endplate,

•

the balcony bracket and balcony piece.

The slideline type used was ‘no friction’, which is quite ofterused to model contact
between elements but ignores any friction between the elements.
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7.4

2-D Model Results

7.4.1

Deformed mesh

The deformed mesh illustrates the relative displaeement of the entire strueture. Figure
7.12 shows the deformed mesh of the 2-d model when a load of 6 kN is applied as shown
by the blue arrow. The vertical displacements (mm) at the point of application of the load
and at the end of the bracket are shown. The option to ‘visualise the deformed mesh as a
solid’ has been selected. The force (kN) in the threaded rod is also shown in the window
summary. The black arrows indicate the magnitude of the force and the location of the
threaded rod.
l oadcase: 5
Title: Increment 5 Load Factor

1 00000

Results File: 0
Entity: Stress
Component: Fx
88.6848E3
Maximum 88.6848E3 at Gauss Point 1 ol'Element 12125
Minimum 88 6848E3 at Gauss Point 1 of Element 12124

*i:2573r

Figure 7.12

Deformed mesh of the 2-d model (Applied load = 6 kN)

Table 7.4 details the average recorded testing deflection results for the vertical
displacement at the end of the bracket (B & F) and at the point of application of the load
(C) as well as the LUSAS model results.

Table 7.4

C

B& F

Average recorded testing result

17.89

2.42

mm

Stress Potential Model

11.42

1.26

mm

Deflections in bracket/balcony piece (Applied load = 6 kN)

The results of Table 7.4 clearly show that the 2-d model behaviour presents a stiffer
behaviour than that actually recorded during testing for the balcony assembly. The
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LUSAS element manual^ acknowledges that this will happen for cantilevers subjected to
a single point load and in plane bending. Combining the reinforcing bars, threaded rods
and bolts into single elements with areas equal to twice their actual area also leads to a
stiffer structure.
7.4.2

Force in the 2-d beam element (threaded rods)

The force in the threaded rod is shown in Figure 7.13. The black arrows illustrate the
magnitude of the force and the location of the threaded rod. A tensile force of 88.6 kN is
displayed in the summary window. This value equates to the force in two bars and so the
actual tensile force per bar according to the 2-d model is 44.3 kN. The force along the
bar, as defined by the element that was chosen to represent the behaviour at this location
is constant. The ‘view deformed mesh as a solid option’ has been deselected to help
visualise the mesh elements. A small gap can be seen in Figure 7.13 at the bracket and
balcony piece interface as shown by the red ellipse. This is consistent with what was
observed during testing as shown in Figure 6.21. Also at the top of the concrete slab at
the concrete-channel interface, a small gap may be observed which is consistent with the
hairline cracking observed when testing (see Figure 6.21). This is shown by a red ellipse
also.
Loadcase 5
Title Increment 5 Load Factor = I 00000
Results File: 0
Entity Stress
Component: Fx
----------- 88 6848E3‘‘----------------------------------------------Maximum 88 6848E3 at Gauss Point 1 of Element 12125
Minimum 88 6848E3 at Gauss Point 1 of Element 12124

---- -

Concrete Slab
-h-M-

Tt-+R4--

Pinned support

Figure 7.13
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In an attempt to calculate the force in the threaded rods using hand calculations, moments
were taken about the channel face. Assuming that the bracket pivots about the bottom of
the bracket end plate (see Figure 7.14) and ignoring the forces in the bracket, the
calculations are as shown below:

Moment at channel face

6kNx 1.411 m = 8.466 kNm

Force in tensile rods

8.466 kNm/.105m = 80.6kN
40.3 kN per rod

Strain in tensile rods

(40.3 kN / 198.48 mm^) / 210,000 N/mm^
966.87 //

Tensile force in reinforcing bar
1411

Figure 7.14

Point of application
of downward loads

Forces in the reinforcing bars of the concrete slab (dimension in mm)

The calculated value for the force in the threaded rods is very similar to the value
obtained from the finite element model. The point about which the brackets are assumed
to pivot (for the hand calculations) affects the size of the calculated force in the rods. A
more realistic assumption perhaps is that the brackets pivot at a point that is closer to the
bolt hole in the bracket endplate, where the bracket is attached to the channel face. This
would increase the calculated force in the rods as shown in the calculations here:

Moment at channel face

Sean Carroll
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Force in tensile rods

8.466 kNm/.08 m= 105.8 kN
52.9 kN per rod

Strain in tensile rods

(52.9 kN / 198.48 mm^) / 210,000 N/mm^
1269.17//

7.4.3

Strain in the 2-d continuum elements

The strain contours for the 2-d continuum plane stress elements are shown in Figure 7.15.
The largest strain values were observed at the bottom of the balcony bracket.
Loadcase: 5
Title: Increment 5 Load Factor - 1.00000
Results File: 0
Entity: Strain
Component: EE

Maximum 1 82476E-.'5
Minimum 2.01182E-15

Figure 7.15

at Node 10
at Node 9545

Strain contours for the plane stress elements (Applied load = 6kN)

Figure 7.16 shows the strain contours for the balcony bracket on its own. Strain gauges
were attached to the underside of two balcony brackets only. Strain values of 1343p and
1500p were recorded at test locations 8 and 9 respectively. The strain determined at the
bottom of the balcony bracket from the 2-d finite element model was approximately
1500|a.
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Loadcase: 5
Title: Increment 5 Load Factor = 1.00000
Results File: 0
Entity: Strain
Component: EE

Maximum I 82476E-3
Minimum 0 729544E-6

Figure 7.16

7.4.4

at Node 10

1.51687E-3

at Node 345

Strain contours for the 2d continuum elements of the bracket

Strain in the 2-d bar elements (reinforcing bars)

The strain in the reinforcing bars of the concrete slab as determined in the 2-d finite
element models is as shown by the contours in Figures 7.17 and 7.18. The force in the bar
dissipates very rapidly over a short length. The main factor influencing the dissipation of
force in the reinforcing bar of the finite element model was the width of the concrete
section. Reducing the width of the concrete section increased the strain in the reinforcing
bars and the distance over which the dissipation occurred. The vertical deflection
recorded on the balcony piece also increased as the width of the concrete section reduced.
Figure 7.18 illustrates strain contours for a 2-d model with identical parameters to that
shown in Figure 7.17; however the width of the slab has been reduced from 600 mm to
300 mm. As can be seen from the models, reducing the width of the concrete slab
increases the strain in the reinforcing bars, particularly towards the front of the slab as
highlighted by the red ellipses. Although a closer approximation of the strain and
deflection testing results may have been obtained by reducing the width of the concrete;
cracking (as will be shown in the 3-d model section) also needs to be taken into
consideration. A 600 mm thick slab gave the best compromise of strains, deflections and
cracking that were observed during testing for the 2-d and 3-d models.
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Loadcase: 5
Title: Increment 5 Load Factor = 1 00000
Results File: 0
Entity-: Strain
Component: Ex
0.0
0 049019E-3
0 098038E-3
0 147057E-3
0.I96076E-3
0.245095E-3
0.294114E-3
0 343133E-3
0 392I52E-3
Maximum 0.405061E-3

at Gauss Point I of Element 2 123

Minimum -0 0361097E-3

Figure 7.17

at Gauss Point I ofElement 3709

Strain in the reinforcing bars of the concrete (600 mm wide slab)
Loadcase: 5
Title: Increment 5 Ixiad Factor = 1.00000
Results File: 0
Entity Strain
Component: Ex
------------ -0.0636565E-3
0 0
0.0636565E-3
0.I27313E-3
0 I90969E-3
0.254626E-3
0.3I8282E-3
0.381939E-3
0.445595E-3
Maximum 0 502008E-3
Minimum-0.0708997E-3

Figure 7.18

Sean Carroll
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Strain in the reinforcing bars of the concrete (300 mm thick slab)
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7.5

3-d Model of a single bracket

A 3-d model of a single bracket test was created in LUSAS using line and volume
geometries. The reinforcement in the concrete slab and the threaded rods were modelled
using lines. The concrete test slab, channel, bracket, and balcony piece were modelled
using volumes. Figure 7.19 shows an isometric view of the geometry of the 3-d model
created in LUSAS. Figure 7.20 shows a side view of the geometry around the bracket.

Figure 7.19

Geometry of 3-d balcony connection

Threaded Rods

Reinforcement

:.S:4 :

-----=t78;

8_ -------

----Q------ 4^-

!
Bracket

Figure 7.20
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The support conditions for the 3-d model are different to those for the 2-d model. A
portion of the steel table upon which the concrete test slab rests was modelled as shown
in Figures 7.19 and 7.20. It was felt that this support arrangement was a more accurate
interpretation of the actual support conditions the structure was subjected to while being
tested. This set up supported the concrete slab over a greater area. The section of steel
table was made 1600 mm long, which corresponded to the distance between the two
beams that supported the reaction frame. Both sides of the steel table section are fully
fixed as shown by the green arrows in Figure 7.19. Deflection at the top flange of the
support beam could occur through this set up, which would increase the magnitude of the
deflections calculated at the end of the balcony piece. The support at the other end of the
model was the same as for the 2d model, fixed in the X and Y and free in the Z
directions. Volume geometries are illustrated by the blue lines and nodes are red. The
‘fleshing' option has been selected to help visualise the reinforcement of the slab and the
threaded rods.
7.5.1

3-d concrete slab

The concrete test slab was modelled as a 600 mm wide, 2000 mm long and 150 mm deep
concrete section (same as the 2-d model). One model with the stress potential material
model was created and two models with the multi-crack concrete material model were
also created. The elastic properties for the concrete was the same as for the 2-d model as
previously shown in Table 7.1. For the plastic properties of the multi-crack material
model the tensile strength of the concrete needs to be specified. It is generally accepted
that the tensile strength of concrete is approximately 10% of the compressive strength.
The two strengths are closely related; however there is no exact proportionality. As the
compressive strength

increases, the tensile strength

f,

also increases but at a

decreasing rate. A number of factors such as aggregate type and grading as well as the
concrete age influence the ratio^ Figure 7.21 illustrates the relationship between the
splitting tensile strength and the compressive strength of concrete measured on standard
cylinders obtained by various investigators.
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psi

Figure 7.21

Relationship between concrete tensile and compressive strength'

A number of empirical formulae relating tensile strength j\ to compressive strength /^,
have been established. The best fit as suggested by Neville^ was formulated by Raphael^
and takes the form

./; = ■3(,/; )■

where

(7.1)

is the splitting strength and j], is the compressive strength of the cylinders, both

in MPa. The tensile strength of the concrete was taken as 10% of the compressive
strength (4 N/mm ) for one of the multi crack models and 15% of the compressive
2

strength (6 N/mm ) for the other multi crack model model.
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7.6

3-d Model Elements

7.6.1

3-d continuum elements

The concrete test slab, channel, bearing plate, bracket and balcony piece were modelled
using 3-d hexahedral shaped continuum elements. The element name is ‘HX8’ as shown
o

in Figure 7.22 and it has a linear interpolation order. LUSAS element reference manual
suggests that the ‘HX8’ element should not be used for analyses where bending effects
are significant as the element performs poorly if highly distorted. The results for this
element however compared well to similar higher order elements and had a much shorter
solution time. For this reason the element was chosen to represent the 3-d stress field of
the model.
HX8

Figure 7.22
7.6.2

3-d continuum elemenr

3-d bar elements

The four reinforcing bars at the back of the channel in the concrete slab were modelled
using 3-d bar elements. The element name is BRS2 as shown in Figure 7.23 and it has a
linear interpolation order. Bar elements as suggested in the LUSAS element reference
manual are the recommended elements to be used with continuum elements to represent
reinforcement in concrete.
BRS2

Figure 7.23
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7.6.3

3-d beam element

The threaded rods of the balcony connection were modelled using 3-d thick beam
elements. The element name is ‘BMS3’ as shown in Figure 7.24 and it has a linear
interpolation order. Force variations along the beam element are constant for axial forces,
constant for torsions, linear for shear forces and quadratic for moments. Strains are not
available for this element and it cannot model nonlinear behaviour; however it can be
mixed with other elements in a nonlinear analysis. Again as the loading that was to be
applied in the analysis does not exceed the yield capacity of the rods, it was felt that this
would be an acceptable element to represent the behaviour of the rods.
BMS3

Figure 7.24

7.6.4

3-d beam element

3-d joint elements

Joint elements with no rotational stiffness were used to attach:
•

the reinforcing bars in the slab to the back of the channel,

•

the balcony bracket to the front of the channel face,

•

the bracket to the balcony piece,

•

the concrete slab to the steel table.

To avoid convergence problems, the concrete slab was connected to the steel table
section with a single joint at either side of the concrete slab. This allowed the analysis to
run. The bolts that connected the bracket to the balcony piece were replaced with joints.
The joint element name is ‘JNT4’ as shown in Figure 7.25.
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J\T4, JL43
•4

7.6.5

Slidelines

Slidelines were also assigned between elements in contact in the 3-d model. They were
assigned to model the contact at the interface of:
•

the concrete slab and the steel channel

•

the front of the channel and the back of the balcony bracket endplate

•

the balcony bracket and balcony piece

•

the bottom of the concrete slab and the top of the steel table

The slideline type used was ‘no friction’ (the same as for the 2-d model). Slidelines were
assigned to lines in the 2-d models and to surfaces in the 3-d models.
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7.7

3-d Model results

7.7.1

Deformed mesh

An isometric view of the deformed mesh for the concrete model with a tensile strength of
4 N/mm^ is shown in Figure 7.26. The option to ‘visualise the deformed mesh as a solid’
has been selected. The vertical deflection (mm) at the end of the balcony piece which
corresponds to the point of application of the load is shown. The magnitude of the force
(kN) in the threaded rods and the location of the threaded rods are shown by the black
arrows. A side profile of the deformed mesh is shown in Figure 7.27 with the vertical
displacement at the end of the bracket and at end of the balcony piece also shown.
Loadcase: 60
Title Increment 60 Load Factor - I 00000

1’r
1.84

-

15.89

-

Figure 7.27

Sean Carroll
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The vertical deflection at the point of application of the load and at the end of the balcony
brackets is summarised in Table 7.5 for the three finite element models. The average test
value that was recorded for these locations is also shown. All results are in millimetres.

Average recorded testing result
Concrete Model Tensile strength = 4 N/mm
Concrete Model Tensile strength = 6 N/mm
Stress Potential Model

Table 7.5

2
2

C

B& F

17.89

2.42

15.89

1.84

15.03
14.28

1.67
1.51

Vertical deflection (mm) results from testing and modelling (Applied
load = 6 kN)

The results in Table 7.5 show that the vertical displacement results in the finite element
models were between approximately 80 and 90% of the recorded testing results for the
deflection at C. The deflection at the end of the brackets in the models was between
approximately 60 and 75% of the recorded testing results. The width of the concrete
section in the model again had a large influence on the results. Decreasing the width of
the slab to less than 600 mm increased the deflections; however it also increased the
amount of cracking in the slab. For LUSAS models incorporating a concrete material
model with a tensile strength of 4 N/mm

and a concrete section of less than 600 mm

wide, convergence problems arose. While decreasing the width of the concrete section for
models resulted in vertical deflections closer to that recorded during testing, the
corresponding increase in cracking and convergence issues for low tensile strength
concrete lead to a 600 mm wide slab being chosen as the most suitable width to use in the
analysis of the structure.
7.7.2

Force and strain in the 3-d thick beam elements (threaded rods)

The force in the threaded rods of the balcony brackets was consistent for the all the 3-d
finite element models. Figure 7.26 shows the force in the threaded rods for the 3-d
concrete model with a tensile strength of 4 N/mm . The forces in the threaded rods as
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determined from all the finite element models are summarised in Table 7.6. The forees
are in kN.
3-d Models
2
Concrete Model Tensile strength = 4 N/mm
Concrete Model Tensile strength = 6 N/mm^
Stress Potential Model

44.82
45.05
45.32

2-d Model
Stress Potential Model

Table 7.6

44.34

Force (kN) in the threaded rods as determined in the LUSAS models

The force of approximately 45 kN in the threaded rods as determined from all the finite
element models falls between the extreme values of 40.3 kN and 52.9 kN established by
the hand calculations in section 7.4.2. The point at which moments were taken about the
channel face affected the magnitude of calculated forces. Assuming that the force in the
rods is 45 kN then the strain in the rods may be calculated as shown:

Strain in tensile rods

(45 kN / 198.48 mm^) / 210,000 N/mm^
1082.25p

The strain of 1082p refers to the strain along the centroidal axis of the threaded rods in
the finite element models. The actual strain recorded during testing in the threaded rods
was measured on the top surface of the rods. In order to compare the strain results from
modelling and testing, the strain recorded during testing had to be extrapolated down to
the centroidal axis of the threaded rods.

Figure 7.28 shows the strain diagram for the recorded strain at the maximum ultimate
load (6 kN) at test location 9. The distance from the bottom of the bracket to the top of
the threaded rods is 109 mm. Having removed a portion of the threads to attach the strain
gauge, the actual base of the strain gauge is approximately 107 mm from the bottom of
the bracket. The centroidal axis of the threaded rod is 100 mm from the bottom of the
bracket (Figure 7.28)

Sean Carroll

235

7 - Modelling the balcony brackets in LUSAS

Figure 7.27

Strain diagram for the threads and bracket (dimensions in mm)

The area of the Ml 8 threaded rods was multiplied by 0.78 in the finite element models to
aceount for the presence of threads. The actual area of threaded rod = 0.78 x 254 mm =
198 mm . The strain at the centroidal axis for the strain diagram as show in Figure 7.27
(test location 9) may be calculated as shown:

X = distance from the bottom of the bracket to the neutral axis of the strain diagram
107-X = distance from the base of strain gauge on the threaded rod to the neutral axis

107-A

A

1590

1500

51.94

107-51.94-7

1500

Strain

X=51.94 mm
Strain = 1387.94 ja

Similar calculations were carried out on the other 3 threaded rod strain gauge results to
find the strain at the centroidal axis of the rods. The results are summarised in Table 7.7.
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Strain
Test location 8
Test location 9

Table 7.7

LHS Threaded rod

1692.7

RHS Threaded rod

1782.4

LHS Threaded rod

1387.94

RHS Threaded rod
LUSAS (strain at a load of 45 kN in rods)

1362.04
1082.5

Recorded and calculated strain (n) at the centroidal axis of the
threaded rods

It is felt that the reason for the higher strains recorded in the threaded rods during testing
is the fact that a certain amount of steel was removed from the rods to enable the strain
gauges to be attached. In the finite element models, the area of the Ml8 threaded rods
was multiplied by 0.78 to account for the presence of threads. At the exact location where
strain was measured on the rods during testing, the steel area was further reduced due to
the steel removed to enable the strain gauge to be applied. The lesser area of steel in the
threaded rods during testing compared to that provided during modelling leads to higher
strains recorded during testing. It is also felt the amount of steel removed from the rods at
test location 8 was larger than the amount removed at test location 9 as suggested by the
difference in the recorded strains at these locations. Assuming that approximately 15% of
the steel area of the threaded rod was removed to attach the strain gauges, the corrected
strain readings are as shown in Table 7.8.
Strain
Test location 8

LHS Threaded rod
RHS Threaded rod

1438.795
1515.04

LHS Threaded rod
RHS Threaded rod
LUSAS (strain at a load of 45 kN in rods)

1179.749
1157.734

Test location 9

Table 7.8

Sean Carroll

1082.5

Corrected strain (^) readings at the at the centroidal axis of the bar

237

7 - Modelling the balcony brackets in LUSAS

7.7.2

Cracking in the concrete

Figures 7.28-7.31 display the cracking patterns that were observed in the LUSAS models.

Figure 7.28

2

Isometric view of cracking in the concrete (tensile strength 4 N/mm )

Threaded Rod

Bracket

Figure 7.29

Sean Carroll

Plan view cracking in the concrete (tensile strength of 4 N/mm^)
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Figure 7.30

Sean Carroll

Isometric view of cracking in concrete (tensile strength = 6 N/mni^)
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After running a number of models it was observed that the value of the tensile strength of
the concrete had a very significant effect on the cracking pattern in the slab and the strain
in the reinforcement. The cracking pattern observed in the concrete model with a tensile
strength of 4 N/mm^ was far greater than the concrete model with a tensile strength of 6
N/mm^. No visible cracking was observed on the surface of the concrete slab while
testing was being carried out. It is possible that cracking did occur inside the concrete
slab close to the main reinforcing bars at the back of the channel. The presence of the
mesh in the test slab had the effect of limiting the size of any cracks so that they would
not have been visible.

7.7.3

Strain and stress in the 3d continuum elements

The strain contours for the balcony bracket are shown in Figure 7.32 (isometric view) and
Figure 7.33 (side view).
l oadcase: 60
Title: Increment 60 Load Factor

I 00000

Results File: 0
Entity: Strain
Component: EE

Maximum 1.82545E-3
Minimum 0.0270599E-3

Figure 7.32

at Node 26521
at Node 26525

Isometric view of the strain contours in the balcony bracket (6 kN
load)
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Loadcase: 60
Title: Increment 60 Load Factor - 1.00000
Results File: 0
Entity: Strain
Component: EE

Maximum L82545E-3
Minimum 0.0270599E-3

at Node 26521
at Node 26525

1.83E-3

Figure 7.33

Side view of the strain contours in the balcony bracket (6 kN load)

rhe strain as determined at the bottom of the balcony bracket was slightly larger in the 3d
models than the 2d model. The recorded values from the tests were 1343g and ISOOg at a
load of 6 kN. The bracket was just beginning to yield at the bottom of the web as shown
from the stress value contours of the Figure 7.34. This is consistent with the observed
yielding points on the brackets during testing as detailed in chapter 6. Yielding became
visible on the bottom of the bracket webs and as the loading increased, the yield zone
began to spread from the bottom of the webs towards the top of the webs. Figure 7.35
illustrates a plan view of the strain contours in the brackets and Figure 7.36 illustrates an
isometric view of the strain contours in the entire model.
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Loadcase: 60
Title: Increment 60 Load Factor " 1.00000
Results File: 0
Entity: Stress
Component: SE
31.9557
63.9115
95.8672
127.823

■

255.646

Maximum 291.973 at Node 26521
Minimum 4 37121

at Node 26525

Figure 7.34

Stress contours in the balcony bracket (6 kN load)

Loadcase 60
Title: Increment 60 Load Factor

1 00000

Results File: 0
Emits Stress
Component: SE

223.69
255.646

Maximum 291.973 at Node 26521
Minimum 4.37121

at Node 26525

Figure 7.35

Sean Carroll

Plan view of balcony bracket strain contours (6 kN load)
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Loadcase: 60
Title: Increment 60 Load Factor “ 1.00000
Results File: 0
Entity: Strain
Component: EE
0.202649E-3
0.405297E-3
0.607946E-3
0.8I0594E-3
L01324E-3
L21589E-3

■

L41854E-3
1.62119E-3
I 82384E-3

Maximum 1.82545E-3

at Node 2652

Minimum I 60945E-6

at Node 5366

Figure 7.36

Isometric view of the strain contours in the 3d model

The strain contours on the front of the concrete face behind the channel are as shown in
Figure 7.37.
Loadcase: 60
Title: Increment 60 Load Factor = 1.00000
Results File: 0
Entity: Strain
Component: EE

Maximum 1 66489E-3

at Node 137

Minimum L60945E-6

at Node 5366

Figure 7.37

Sean Carroll

Isometric view of strain contours on the face of the concrete slab
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7.7.4

Strain in the 3-d bar elements (reinforcing bars)

The strain contours for the reinforcing bars inside in the concrete slab are shown in
Figures 7.38 - 7.43. Figure 7.38 and 7.39 illustrate an isometric and side view of the 3d
model with a concrete tensile strength of 4 N/mm^.
Loadcase: 60
Title: Increment 60 Load Factor =
Results File: 0
Entity: Strain

Figure 7.38

Isometric view of 3d model - strain in reinforcing bars (concrete
tensile strength = 4 N/mm^)

Loadcase: 60
Title: Increment 60 Load Factor “ 1.00000
Results File: 0
Entity: Strain
Component: Ex
—

0.0

0.0625846E-3
0.125169E-3
0.187754E-3
0.250338E-3

a

5
V

*

e>°
V

^

^2 ^7 ^7 ^7

^7

V

^2 ^2 ^2 ^7 <?1 ^7

o°

^

V

0.312923 E-3
0.375507E-3
0.438092E-3
-- 0.500677E-3
Maximum 0.516402E-3

Jl
at Gauss Point I of Element 159

Minimum-0.0468595E-3 at Gauss Point 1 of Element 189

Figure 7.39

Side view of 3d model - strain in reinforcing bars (concrete tensile
strength = 4 N/mm^)
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Figure 7.40 and Figure 7.41 illustrate an isometric and side view of the 3-d model with a
concrete strength of 6 N/mm^.
Loadcase: 11
Title: Increment

Load Factor = 1.00000

Results File: 0
Entity: Strain

Figure 7.40

Isometric view of 3d model - strain in reinforcing bars (concrete
tensile strength = 6 N/mm^)

Loadcase: 11
Title: Increment 11 Load I'actor
Results File: 0
Entitv’: Strain
Component: Ex
-0.03157E-3

i

0.0

^

0.03I57E-3
0.063I401E-3

/9

. V

O

^

O

O

O

O

«*

O

O

V

O-

V

V

V

V

V

\?

^

V

V

V

V

V

V

------------

0.0947I01E-3
0.I2628E-3
0.I5785E-3
0 18942E-3

________

0.22099E-3
Maximum 0.225294E-3
Minimum-0.0588363E-3

Figure 7.41

at Gauss Point 1 of Element 156
at Gauss Point 1 of Element 189

Side view of 3d model - strain in reinforcing bars (concrete tensile
strength = 6 N/mm^)
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Figure 7.42 and Figure 7.43 illustrate an isometric and side view of the 3-d model created
with a stress potential material model.
Loadcase: 1 1
Title: Increment I I Load Factor^ 1.00000
Results File: 0
Entity: Strain

Figure 7.42

Isometric view of 3d model - strain in reinforcing bars (stress
potential model)

l.oadcase: 11
Title: Increment 11 Load Factor

LOOOOO

Results File: 0
Entity: Strain
Component: Ex
-0.0294202E-3
-0.0196134E-3

_____
'
I

O

O

O

O

O

-9.80672E-6

O

0_

'Op 'Op 'Op 'Op 'O^ 'C^

O

^

0.0

9.80672E-6

“

0.0196134E-3
0.0294202E-3
0,0392269E-3
0.0490336E-3
Maximum 0.0533384E-3

---at Gauss Point 1 of Element 159

Minimum-0 034922E-3 at Gauss Point 1 of Element 349

Figure 7.43

Side view of 3d model - strain in reinforcing bars (stress potential
model)
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The magnitude of the strain along the top reinforcing bars (tensile strain) is shown in the
side view of the three LUSAS models (Figures 7.39, 7.41 and 7.43). In all the models, the
strain is largest close to the channel face and dissipates along the reinforcing bar. This is
consistent with what was recorded during testing. The actual magnitude of the strains in
the LUSAS models was influenced by the width of the slab; however as shown in Figures
7.38 - 7.43, for models with a concrete slab of the same width (600 mm), the concrete
material also influenced the strain values. Table 7.9 shows the strain at a number of
points along the reinforcing bars as determined for each of the three finite element
models at the maximum ultimate load (6 kN). The points are measured from the inside
face of the channel to the point on the bar in millimetres.
Distance from inside of channel face to position on rebar

3-d Finite Element Models

150 mm

250 mm

700 mm

800 mm

1000 mm

1100 mm

Concrete Model Tensile Strength = 4 N/mm^

174

74

38

35

25

15

Concrete Model Tensile Strength = 6 N/mm^
Stress Potential Model

86
46

59
40

38
27

35
24

25
13

15
6

Table 7.9

Strain {/j) recorded along the reinforcing bars in the finite element
models

The strain from about the midsection to the end of the reinforcing bars was fairly similar
in all the finite element models. The model with a concrete tensile strength of 4 N/mm

2

determined the largest strains towards the front of the bars with the other two models
showing lower results for the strain at the same location. The average strain recorded
during testing at the approximate average strain gauge locations along the reinforcing
bars for the maximum applied ultimate load (6 kN) is shown in Table 7.10. The results
are for locations with an anchorage length of 1150 mm and the distances are measured
from the inside face of the channel.

Approx distance from inside face of channel to gauge
Average recorded strain at 6 kN per bracket

Table 7.10

Sean Carroll

Start
jj 250 mm
181

Middle
700 mm

End
1000 mm

22

13

Average recorded strain values along reinforcing bars at 6 kN
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The couplers in the concrete slab were not modelled in LUSAS. The couplers were
manufactured from plain grade 8.8 steel and so deformations were not present. The bond
performance of plain steel bars is very poor as outlined in chapter 3 of this thesis. The
main function of the couplers was to act as a means of attaching the reinforcing bars of
the slab to the threaded rods of the balcony brackets. Assuming that the couplers did not
contribute significantly to the bond strength of the reinforcement, the strain at a distance
of 150 mm from the channel face along the reinforcing bars of the 3-d LUSAS models
could be compared with the values obtained from testing (250 mm from the channel
face). Figure 7.44 illustrates the strain values at the three main locations (start, middle
and end) along the reinforcing bars as obtained from the finite element models and
testing.
Distribution of strain along reinforcing bars in slab

-♦—Testing
LUSAS 4 N/mm2
-A—LUSAS 6 N/mm2
X LUSAS (Stress potential)

Distance along the reinforcing bars measured from the
channel face (mm)

Figure 7.44

Strain along reinforcing bars as obtained from finite element models
and testing

The 3-d models had reinforcing bars that were 1150 mm long. The 3-d model with a
concrete strength of 4 N/mm gave the best overall comparison to the strain recorded
during testing.
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7.7.5

Load versus deflection graph

A typical load versus deflection graph for the loading portion of an ultimate load eyele at
the point of application of the load (C) is shown in Figure 7.45. The graph illustrates a
linearly elastic relationship between the applied load and the defleetion.
Load versus deflection

Series2

Figure 7.45

Graph of load versus deflection for ULS

A similar graph was produced for the stress potential finite element model to identify
whether a similar relationship would result. Figure 7.46 shows the relationship between
load faetor and deflection at the point of applieation of the load for the stress potential
model. The stress potential model was used for comparison as constant load increments
were applied throughout the analysis. Load inerements redueed in the multi-eraek
material models as the analysis progressed as convergence was more diffieult to aehieve.

Sean Carroll
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3D Stress potential model

Figure 7.46

Graph of load factor versus deflection for ULS (stress potential
model)

As shown in the two graphs, similar results were observed.
7.7.6

Moment rotation curve

To obtain an approximate relationship between the applied moment (kNm) and resulting
rotation (rads) in the cantilever connections; the vertical deflection at the end of the
brackets (deflection gauge location B) was used to calculate the angle of rotation between
the end of the bracket and the face of the bearing plate. A more rigorous approach would
need to include bending effects in the actual bracket and movement at the channel face.
As an approximate relationship was sought, it was felt that the chosen method would
suffice. Moment-rotation curves display the stiffness characteristics of connections. The
vertical deflection at the end of the bracket in the stress potential finite element model
was also used to determine an approximate moment-rotation relationship for the finite
element model. The stress potential model was used for comparison as less load
increments were applied during analysis. The calculated curves are shown in Figure 7.47.
The downward failure cycle results were used to determine the test moment-rotation
curve.
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moment versus rotation

-Testing
-LUSAS

Figure lAl

Moment versus rotation curves as obtained from the testing and
LUSAS results

Figure 7.48 illustrates the stiffness categories suggested in IS EN 1993 (Eurocode 3)^ for
connections in framed structures.

Figure 7.48

Stiffness classification for framed structures as suggested in
Eurocode 3^
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7.8

Conclusions

The finite element model that gave the best overall eomparison with the recorded test
behaviour of the balcony connections, was the 3-d multi-crack material model with a
concrete tensile strength of 4 N/mm . Table 7.11 shows the average recorded deflections
at the point of application of the load (C) and at the end of the balcony bracket (B and F)
as well as the corresponding deflections from the finite element model. The results were
recorded at the maximum applied load (6 kN) during the ultimate load cycle.
C

B& F

Average recorded testing result

17.89

2.42

Concrete Model Tensile strength = 4 N/mm^

15.47

1.782

14

26

% Difference

Table 7.11

Average recorded vertical deflections (mm) at a load of 6 kN at
deflection gauge locations B, C and F and the corresponding LUSAS
results

fable 7.12 shows the average recorded strain values along the reinforcing bars obtained
from testing and the corresponding LUSAS results at a load of 6 kN. The approximate
average distances to the strain gauges located at the start, middle and end of the
reinforcing bars from the channel face were 250 mm, 800 mm and 1100 mm respectively.
Start

Table 7.12

Strain along reinforcing bars
Middle

End

Average reeorded strain (p) along the reinforcing bars at a load of 6
kN and the eorresponding LUSAS results

In the threaded rods, the strain recorded during testing was at the top surface of the rods.
The LUSAS strain results were calculated at the centroidal axis of the rods. The recorded
strains were extrapolated down to the centroidal axis for comparison, and the area of steel
that was removed from the rods (approx 15%) was also taken into account. Table 7.13

Sean Carroll
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shows the adjusted test strains at the centroidal axis of the bar at a load of 6 kN and the
corresponding LUSAS results.

Threaded Rods
Average corrected strain during testing
LUSAS results

Table 7.13

1322.8295
1082.5

Recorded strain (p) at the centroidal axis of the threaded rods and the
corresponding LUSAS results (applied load = 6 kN)

At the bottom of the balcony bracket, the exact position of the strain gauge influenced the
results. Over a relatively short distance (approximately 60 mm) a large difference in the
strain contours may be observed, as shown in Figure 7.34. The average recorded strain
and the approximate corresponding LUSAS result at the same location are shown in
Table 7.14.
Balcony Bracket
Testing
LUSAS

Table 7.14

1

1421.5
1700

Average recorded strain (p) at the bottom of the balcony bracket and
the corresponding LUSAS result (applied load = 6 kN)
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8.0

Conclusion

8.1

Introduction

Ten loading tests were carried out on eighteen of the balcony brackets described in
chapter 5. The tests were carried out on a combination of single and double bracket test
locations. In seven of the tests, the loads were applied vertically downwards and in three
of the tests the loads were applied vertically upwards. Each test consisted of four loading
cycles as described in chapter 6. A number of 2-d and 3-d finite element models were
created using the finite element program LUSAS as described in chapter 7. The present
chapter aims to provide a summary of the main results for all of the tests. These results
are compared with those of the finite element model.

8.2

Deflection (Downward tests)

The 3-d finite element model with a multi-crack material model and a tensile strength of
4 N/mm gave the best overall comparison between the testing and finite element results.
Figure 8.1 illustrates the various deflection gauge locations at a downward test location.
Table 8.1 details the average recorded deflection results for the various deflection gauge
positions around the balcony assemblies for the maximum serviceability (3.8 kN) and
ultimate design (6 kN) loads. The results are tabulated per bracket for all the downward
test locations. Displacement in the horizontal direction was recorded as negative when
towards the channel and positive when away from the channel. Displacement in the
vertical direction was recorded as positive when vertically down and negative when
vertically up. The magnitudes of the displacements in the 3-d finite element model
corresponding to the various deflection gauge positions are also shown in Table 8.1.
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■■

1.411 m from channel face
B F

A

Gauge
A
B
C
D
E
F
G

Figure 8.1

Sean Carroll

Deflection
Vertical deflection at channel
Vertical deflection at end of bracket
Vertical deflection of balcony at loading position
Horizontal deflection of brackets
Horizontal deflection at the top of channel
Vertical deflection at start of balcony
Horizontal deflection at bottom of channel

Deflection gauge locations for a downward test location
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8 - Conclusion

8.3

Design values

Design values were ealculated with reference to IS EN 1990:2002'. Election results
for connections loaded vertically downwards were analysed to calcul. load at which
the allowable deflection for a cantilever occurred. The allowalflection of a
cantilever due to the imposed load as suggested in BS 5950-1:2000igth/l 80. The
load versus deflection graphs for the failure cycle were also analysediblish the load
at which the connections began to yield.
8.3.1

Allowable deflection

The downward load was applied at a distance of 1.411 m from thnel face; the
allowable deflection at the point of application of the load therefore4 mm. Figure
8.2 shows the distribution of test results for the load at which the ;ble deflection
occurred.

Distribution of test results for the load at which a deflectiot
length/180 occured @ gauge location C

No of Samples
■ Results

Load kN

Figure 8.2

Distribution of test results for the load at the allowaflection

Table 8.2 shows the calculated average load and the standard deviatiae test results.
The load at which the allowable deflection was reached in the finite el model is also
shown.
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Table 8.2

Average
Standard deviation

2.61 k
0.19 k

LUSAS

3.25 k

Average load and standard deviation ot test results at the
allowable deflection (7.84 mm)

With reference to IS EN 1990:2002', two expressions are^ested to calculate the
design value {Xd) of a property X. Expressions for assess via the characteristic
value and for direct assessment of the design value for ULification are provided.
The calculated design values for the load at which the allowaeflection (7.84 mm) in
the cantilever occurred are shown in Table 8.3.
Design Values
Assessment via the characteristic value
Direct assessment of the design value for ULS verification

Table 8.3

2.18 kN
2.01 kN

Design values for the load at which the allo\^ deflection in the
cantilever occurs

8.3.2

First yield of connection

To determine the load at which yielding commenced in theiections, the graphs of
load versus deflection for the failure cycle at each downward ocation were carefully
examined. The graphs of load versus deflection at specific gdocations were used to
determine the load at which nonlinear behaviour commencable 8.4 illustrates the
load at which nonlinear behaviour commenced in the load v deflection graphs for
the failure cycle at each downward test location. The corrtding deflection at the
yield load is also shown.
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Test location 1
Location on bracket
B
C
F

LHS
Load
6
5
6

Deflection
2.714
14.87
2.856

RHS
Load

Deflection
6
6

2.9
18.34

Location on bracket
B
C
F

Test location 8
Single
Load
Deflection
6
2.48
6
16.2
6
2.58

Location on bracket
B

Test location 9
Single
Load
Deflection
7
2.787

Test location 2
Location on bracket
B

LHS
Load

C
F

6

Deflection
2.34

6
6

17.82
2.52

RHS
Load
5

Deflection
1.97

6

18.41

7
6

Deflection
2.15
17.29

6
6

Deflection
2.71
18.82

6
6

Deflection
2.22
16.71

C
F

6
7

Test location 6
Location on bracket
B
C
F

LHS
Load

Deflection
7
2.191
6
16.77
7
2.359

RHS
Load

Test location 7
Location on bracket
B
C
F

LHS
Load

Deflection
6
2.422
19.74
6
7
3.021

RHS
Load

Test location 10
Location on bracket
B
C
F

Table 8.4

LHS
Load

Deflection
6
2.26
6
17.21
6
2.39

RHS
Load

Load (kN) at which yielding commenced and corresponding deflection
(mm) at the yield load

Table 8.5 shows the average load at whieh yielding commenced and the standard
deviation of the results.
Average
Standard deviation

Table 8.5

6.13 kN
0.50 kN

Average load at which yielding commeneed and the standard
deviation of the test results

Adding on the weight of the testing apparatus (0.4 kN) gives a value of 6.53 kN for the
average load at first yield.
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2.644

8 - Conclusion

In order to derive design values for the yielding load, referenee was again made to IS EN
1990:2002'. Table 8.6 shows the calculated design values for the yielding load using the
suggested expressions in IS EN 1990:2002.
Design Values
Assessment via the characteristic value
Direct assessment of the design value for ULS verification

Table 8.6

5.04 kN
4.56 kN

Design values for the load at which yielding commenced

The weight of the testing apparatus (0.4 kN) should be added to these figures also giving
respective design values of 5.44 kN and 4.96 kN.

8.4

Strains

fhe average recorded strains, at different locations, at the maximum applied load for the
various loading cycles are shown in Table 8.7. The approximate average distance from
the channel face to the centre of the strain gauges is also shown. The strain results are for
downward test locations with an anchorage length of 1150 mm.
Maximum strain at:
Serviceability
Ultimate
3.8 kN
6kN

If

1125

1731

Failure
11 kN

3405

Approx Strain Gauge Locations
Threaded Rods

100 mm along threaded rods
Reinforcing Bars

88

181

542

250 mm from inside channel face

15

22

46

700 mm from inside channel face

13

27

1000 mm from inside channel face

Outside concrete slab
----- Channel

Inside concrete slab

Strain recorded in microns
Anchorage length = 1150 mm

Table 8.7

Average recorded maximum strains

Figure 8.3 illustrates the results in Table 8.7. The graph shows the dissipation of strain
along the threaded rods and reinforcing bars at the maximum applied load during the
loading cycles. The channel face is located at zero along the x-axis of the graph.
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Distribution of strain along reinforcing bars in slab

- Serviceabilty Cycle
- Ultimate Cycle
■Failure Cycle

channel face (mm)

Figure 8.3 Distribution of strain along the threaded rods (adjusted) and
reinforcing bars at test locations with an anchorage length of 1150 mm
Figure 8.4 illustrates the dissipation of strain along the reinforcing bars at the maximum
applied load during the ultimate design load cycle (6 kN) as calculated from the LUSAS
model (concrete strength = 4 N/mm ) and as recorded during testing. The channel face is
located at zero along the x-axis of the graph.

Distribution of strain along reinforcing bars in slab

■Testing
■LUSAS 4 N/mm2

Distance along the reinforcing bars measured from the channel
face (mm)

Figure 8.4

Strain in reinforcing bars at the maximum applied load (6 kN) during
the ultimate design load cycle
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The average recorded strains at the maximum applied load for the various loading cycles
at downward test locations with an anchorage length of 760 mm are shown in Table 8.8.
No strain gauges were attached towards the middle of these reinforcing bars.

Serviceability
3.8 kN

Maximum strain at:
Ultimate
6kN

Failure
11 kN

1125

11

1731

1

3405

143

1

280

1

630

Approx Strain Gauge Locations
Threaded Rods
lOO mm along threaded rods
Reinforcing Bars
250 mm from inside channel face

15

II

Tt

36

1000 mm from inside channel face

Outside concrete slab
----- Channel

Inside concrete slab

Strain recorded in microns
Anchorage length = 760 mm

Table 8.8

Average recorded strains at locations with an anchorage length of 760
mm

8.5

Deflections (upward tests)

Figure 8.5 illustrates the various deflection gauge positions associated with an upward
load test. The load was applied at a distance of 0.990 m from the channel face.
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Table 8.9 shows the average deflection results recorded at the maximum load during the
serviceability and ultimate load cycles.

Vertical detlection at channel
Vertical deflection at end of bracket
Vertical deflection at point of loading
1 lorizontal deflection at back of brackets
Horizontal deflection at top of channel
Vertical detlection at endplate of balcony piece
1 lorizontal detlection at bottom of channel

A
B
C
D
E
F
G

Serviceablity Load Cycle
Maximum Deflection at 1.6 kN
Average
Standard deviation
mm
-0.152 mm
0.130
mm
-0.608 mm
0.099
0.482
mm
-2.453 mm
mm
mm
0.022
0.043
mm
mm
0.014
-0.031
mm
-0.647 mm
0.131
-0.014 mm
mm
0.023

|

Ultimate Design Load Cycle
Vertical detlection at channel
Vertical detlection at end of bracket
Vertical deflection at point of loading
I lorizontal detlection at back of brackets
I lorizontal detlection at top of channel
Vertical detlection at endplate of balcony piece
Horizontal detlection at bottom of channel

Table 8.9

A
B

c:
1)
E

F
G

Maximimum Deflection at 2.65kN
Standard deviation
Average
mm
-0.217 mm
0.175
mm
-0.897 mm
0.207
mm
-3.580 mm
0.685
mm
0.047
mm
0.055
mm
-0.042 mm
0.018
-0.930 mm
0.187
mm
-0.024 mm
0.017
mm

|

Average recorded deflection at the maximum applied load during the
serviceability (1.6 kN) and ultimate (2.65 kN) cycles for upward tests

8.6

Conclusion summary

The design and testing of structural connections have been studied in this thesis. An
extensive literature review was carried out into steel to steel, and steel to concrete
connections. This was followed by a comprehensive series of tests on a particular type of
concrete to steel connection for a novel type of balcony bracket assembly. In addition to
the testing programme, a finite element model was developed and the results from this
were compared with those of the tests. The following is a summary of the principal
conclusions:
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In downward tests, the average load at which the allowable dettion of length/180 (7.84
mm) occurred was 2.61 kN per bracket. Yielding in the comtions commenced at an
average load of 6.53 kN per bracket. The design values for thelowable deflection were
2.18 kN and 2.01 kN with reference to the characteristic valued for ultimate limit state
verification respectively. The design values for the yield load re 5.44 kN and 4.96 kN
with reference to the characteristic value and for ultima limit state verification
respectively.

From the load versus strain graphs, yielding was observed a load of 6 kN in one
bracket and at a load of 7 kN in another bracket. This is reasibly consistent with the
yield load obtained from the load versus deflection graphs (6 kN) for all downward
test location.

During testing, strains in the reinforcing bars were largest do to the channel face and
reduced as the distance from the channel face increased. T is consistent with the
behaviour that was calculated in the finite element models. 1 largest recorded strain
reading out of all the applied loads in the reinforcing bars was Zp, which is well below
the yield strain for high yield steel (2190p). Therefore, no yielq of the reinforcing bars
was observed at the strain gauge locations.

The threaded rods were manufactured from grade 8.8 steel 1 therefore had a yield
strain of approximately 3047p. The magnitudes of the strains the threaded rods at a
load of 11 kN were 4295p, 3614p, 2487p and 3576p. Yieldin^as observed in three of
the threaded rods. It was felt that a slight difference in the ai of steel removed from
each of the rods resulted in the different readings.

Overall, there was a reasonable correlation between the finitlement model and the
testing results. Having a finite element model that accurately rtrays the recorded test
behaviour of a structure enables an analyst to further study t performance of such a
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structure when different loads are applied at various locations. This reduces the need for
extra testing.
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Appendix A

Appendix A
All the recorded testing data for the eleven test locations around the concrete test slab are
available on a CD at the end of this section. The results on the CD are presented using
Microsoft Excel spreadsheets. Each of the eleven test locations has a separate Excel
workbook (Test No 1, Test No 2, etc) containing all the recorded data at each particular
test location. Each of these workbooks contains many worksheets. Figure A.l illustrates
the typical layout of one of the Excel workbooks.

Many worksheet tabs are visible at the bottom of each workbook (refer to Figure A.l).
Starting at the bottom left hand corner and moving towards the right, the first five
worksheets include Bedding, Serviceability 1, Serviceability 2, Ultimate and Failure.
These five worksheets contain the deflection results for each of the mentioned load
cycles. Each deflection worksheet follows the same format.

At the top of the worksheet the particular loading cycle, test location and date that the
testing was carried out are stated. Below this information, the recorded data table is
shown. As a number of mechanical and digital deflection gauges were used to record
deflections, the recorded data are inserted in this table for processing. Below the recorded
data table is the calculated deflection table which is formatted to calculate the actual
deflection for each deflection gauge location using the recorded data table.

A sketch showing the actual deflection gauge locations around the balcony assemblies
and the lettering used to represent each deflection gauge position are also shown. Finally,
graphs displaying the values in the calculated deflection table are illustrated within each
of the deflection worksheets for all the deflection gauge locations. For double bracket test
locations, the LHS bracket results are displayed on the left hand side of the worksheet
and the RHS bracket results are displayed on the right hand side of the worksheet.
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Appendix A

The next two worksheet tabs are strain gauge loeations and pictures. The strain gauge
locations worksheet displays the location and distance to the strain gauges attached at the
particular test location. Figure A.2 illustrates a typical diagram contained in a strain
gauge location worksheet. The diagram shows a plan view of the reinforcing bars at the
particular test location. Small rectangles along the reinforcing bars coloured red and
green represent the locations of strain gauges that were attached to the top and bottom
reinforcing bars respectively. The pictures worksheet displays a variety of pictures that
were taken at the particular test location during testing.

no

130

90

510

o

O
X)

Reinforcing Bars

130

130

130

130
Coupler

Channel Face

Figure A.2

Typical diagram in strain gauge locations worksheet

The final four worksheet tabs at the bottom of a typical workbook contain the recorded
strain data from testing. The tab names include strains l(ser), strain 2(ser), strains (ult)
and strains (fail). The brackets at the end of each of these tabs refer to the particular load
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cycle during which the strains were measured. The recorded strain worksheets follow a
similar format to that of the recorded deflection worksheets.

At the top of each worksheet the particular test location, applied loading cyele and date
that the testing was carried out are stated. Just below this information the recorded data
table is shown; this displays the recorded data during testing. A calculated strain table is
found below the recorded data table and is formatted to ealculate the actual strain at a
particular strain gauge loeation from the recorded data table. Finally graphs illustrating
the results in the calculated strain table are shown for eaeh strain gauge location.
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Appendix B
Many calculations were performed throughout the preparation of this thesis and are
available on a CD at the end of this section. The calculations are presented in a Microsoft
Excel workbook that contains a number of worksheets as shown in Figure B.l. Starting at
the bottom left hand comer and moving towards the right, the first worksheet ‘Test
locations’ details the various locations around the test slab where testing was carried out.
The ‘All downward test locations’ worksheet details all the results at downward test
locations for the various deflection gauge positions.

The ‘Load @ length over 180’ worksheet uses an interpolation function in Excel to
calculate the load at which a deflection of length/180 occurred at each downward test
location. Design values with reference to IS EN 1990-2002 are also calculated.

The ‘Load @ yielding’ worksheet illustrates the load at which yielding commenced in the
connections at the various downward test locations. Design values with reference to IS
EN 1990-2002 are also calculated.

The final worksheet ‘All upward test locations’ details all the deflection results for the
various deflection gauge locations at upward load tests. The average deflections at the
maximum applied load during the serviceability and ultimate load cycles are also
calculated.
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Appendix C

Appendix C
The finite element models that were created as described in chapter 7 using LUSAS are
available on a CD at the end of this section. The LUSAS models have been saved as
(*.mdl) files and contain the model geometry and attributes. In order to view results from
the models they need to be ‘run’ in LUSAS to perform the finite analysis and output the
results. The four finite element models on the CD are:

1. 2-d model of a single bracket
2

2. 3-d model multi-crack concrete (tensile strength = 4 N/mm )
3. 3-d model multi-crack concrete (tensile strength = 6 N/mm )
4. 3-d model (stress potential model)
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Appendix D
The design loads that were applied during testing are derived in this section. The loadings
(A, B and C) as shown in Figure D.l were identified as the primary loadings contributing
to a downward moment on the balcony sections. The maximum balcony width was taken
as 2.4 m from the channel face and the maximum handrail height as 1.1 m. The brackets
are at 600 mm c/c spacings. The downward design loads for testing were derived as
follows:
A

Fixed Support

Figure D.l

Loadings (A, B and C) contributing to the downward moment in the
balcony sections (dimensions in mm)

Loadings
A = Horizontal imposed load on handrail
B = Self weight of balcony glass/handrail
C = Self weight of balcony and imposed load

Reactions
M = Moment at support
V = Vertical reaction at support (shear force)
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Load A
Handrail imposed load = 0.74 kN/m
Mhandrail (SLS) =

0.74 kN/m x 1.1 m x 0.6 m = 0.488 kNm

Mhandrail (ULS) =

0.74 kN/m x 1.1 m x 0.6 m x 1.6(fos) = 0.781 kNm

Load B
Self weight of balustrade/glass
Weight =20/25.4 x 64.9 kg/m^ = 51.1 kg/m^

Glass taken as 20 mm thick

= 0.501 kN/m^

Vb(SLS)=

0.501 kN/m^x 1.1 mx 0.6 m = 0.331 kN

Vb(ULS)=

0.501 kN/m^x 1.1 mx 0.6 m x 1.4(fos) = 0.463 kN

Mb

(SLS)

=

Mb (ULS) =

0.331 kN

X

2.4 m = 0.794 kNm

0.331 kN x 2.4 m x L4(fos)= 1.112 kNm

LoadC
Balcony self weight and imposed load

Balcony self weight Gk == 1.2 kN/m

2

Wdl = 1.2 kN/m^ x 0.6 m = 0.72 kN/m
Vdl = 0.72 kN/m x 2.4 m = 1.728 kN
Mdl (SLS) = 0.72 kN/m x 2.4^/2 = 2.074 kNm
Mdl (ULS) = 0.72 kN/m x 2.4^/2 x 1.4(fos) = 2.903 kNm

Balcony imposed load Qk = L5 kN/m

2

W[L = 1.5 kN/m^ X 0.6 m = 0.9 kN/m
ViL = 0.9 kN/m X 2.4 m = 2.16 kN
Mil

(SLS)

=

0.9 kN/m x 2.4^/2 = 2.592 kNm

Mil

(ULS)

=

0.9 kN/m x 2.4^/2 x L6(fos) = 4.147 kNm
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Summery of forces:
Loads

Shear at support (kN)

Moment at support (kNm)

Dead Load

0.331 + 1.728 = 2.059

0.794 + 2.074 = 2.868

Imposed Load

2.16

0.488 + 2.592 = 3.08

SLS Load

4.219

5.948

ULS Load

6.339

8.943

The design loads for the downward load tests were:
4.219 kJN for the serviceability load cycle
6.339 kN for the ultimate design load cycle
0.4 kN was subtracted from each of these loads to account for the presence of the
spreader beam, jack, load cell and packing on top of the balcony section.
The loads were applied at a distance of 8.943/6.339 = 1.411 m from the face of the
channel.
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Upward loadings
The loadings illustrated in Figure D.2 were identified as the primary loadings
contributing the magnitude of a potential upward moment on the balcony sections.

1100

Fixed Support

Figure D.2

Loadings B,C and D contributing to a potential upward moment in
the balcony section (dimensions in mm)

Loadings
B = Self weight of balcony glass/handrail
C = Self weight of balcony and imposed load
D = Wind loading

Reactions
M = Moment at support
V = Vertical reaction at support (shear force)
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Load B
Self weight of balustrade/glass
Glass taken as 20 mm thiek

Weight =20/25.4 x 64.9 kg/m^ = 51.1 kg/m^
= 0.501 kN/m^

Vb (SLS) =

0.501 kN/m^ x 1.1 m x 0.6 m = 0.33 kN

Vb (ULS) =

0.501 kN/m^ x 1.1 m x 0.6 m x 1.4(fos) = 0.463 kN

Load C
Baleony self weight and imposed load

Baleony self weight Gk = 1.2 kN/m"^
Wi')i = 1.2 kN/m^

X

0.6 m = 0.72 kN/m

Load D
Wind loading = 2.4 kN/m^
Wi)L = 2.4 kN/m^ x 0.6 m = 1.44 kN/m (upward)

Unfactored loading
V = (1.44-0.72) kN/m x 2.4 m - 0.33 kN = 1.4 kN
M = (1.44 - 0.72) kN/m x 2.4^/2 m - (0.33 kN x 2.4 m) = 1.28 kNm
M/V = 0.914 m

Factored loading
V

=

((1.44

X

1.4(fos)) - 0.72} kN/m x 2.4 m - (0.33 kN x 1.4(fos)) = 2.65 kN

M = {(1.44 X 1.4(fos)) - 0.72} kN/m x 2.4^/2 m - (0.33 kN x 2.4x1.4(fos)) = 2.62 kNm
M/V = 0.99 m
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The design loads for the upward load tests were taken as:
1.6 kN for the serviceability load cycle
2.65 kN for the ultimate design load cycle
at an eccentricity of 0.99 m.
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An elastic and plastic analysis of the bracket connection was carried out as shown in
Figure E.l and E.2 respectively.
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